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1. Introduction

Hollow structures refer to materials with well-defined bound-
aries and interior cavities.[1] As a unique family of functional 
materials, they possess low density and high pore volume, as 
well as reduced mass- and charge-transport lengths. These 
unique structural features endow hollow structures with 
broad applications in nanoreactors, gas sensors, drug delivery, 
water treatment, secondary batteries, supercapacitors, dye-
sensitized solar cells (DSSCs), photocatalysis, fuel cells, 
etc.[2–19]

Based on their structural complexity, hollow structures can 
be classified into simple ones and intricate ones. Simple hollow 
structures, also known-as single-shelled hollow structures, 
have a single shell encapsulating a cavity at the center. Intricate 
hollow structures, on the other hand, have multiple boundaries 

Intricate hollow structures garner tremendous interest due to their aesthetic 
beauty, unique structural features, fascinating physicochemical properties, 
and widespread applications. Here, the recent advances in the controlled 
synthesis are discussed, as well as applications of intricate hollow structures 
with regard to energy storage and conversion. The synthetic strategies toward 
complex multishelled hollow structures are classified into six categories, 
including well-established hard- and soft-templating methods, as well as 
newly emerging approaches based on selective etching of “soft@hard”  
particles, Ostwald ripening, ion exchange, and thermally induced mass 
relocation. Strategies for constructing structures beyond multishelled hollow 
structures, such as bubble-within-bubble, tube-in-tube, and wire-in-tube 
structures, are also covered. Niche applications of intricate hollow structures 
in lithium-ion batteries, Li–S batteries, supercapacitors, Li–O2 batteries, dye-
sensitized solar cells, photocatalysis, and fuel cells are discussed in detail. 
Some perspectives on the future research and development of intricate 
hollow structures are also provided.

and multiple interior cavities. Recently, 
intricate hollow structures have attracted 
tremendous attention in research.[1,3,9,16] 
Such attention is not only from the point 
of view of purely fundamental interest as 
materials scientists always strive to create 
materials with the highest degree of com-
plexity and aesthetic beauty, but also from 
application demands, since the functional 
materials used in practical applications 
are getting increasingly complex.[1] Com-
pared with simple hollow structures, their 
intricate counterparts are expected to offer 
more opportunities to tailor their physico-
chemical properties by manipulating the 
structure at micro-/nanoscale. The tailored 
physicochemical properties in turn enable 
intricate hollow structures with optimized 
performance in certain applications, out-
performing simple hollow structures and 
bulk materials.

In the specific field of energy storage 
and conversion, intricate hollow structures are playing a more 
and more important role. More importantly, they hold great 
promise to break some of the current bottlenecks in secondary 
batteries, supercapacitors, fuel cells, DSSCs, photocatalysis, 
and fuel cells.[9] For example, the cavity of intricate hollow 
structures can effectively accommodate the volume change 
of high-capacity lithium-ion battery (LIB) anode materials, 
such as transition-metal oxides (TMOs), Sn, and Si, boosting 
the cycling stability. In lithium–sulfur (Li–S) batteries, such 
unique structures are able to reserve a large amount of sulfur 
(S), accommodate the volume variation of S during cycling, and 
avoid the discharged products from dissolution through either 
physical confinement or chemical interactions. If nanopores are 
created on the shell, intricate hollow structures can provide a 
high specific surface area for charge storage in supercapacitors, 
as well as more-accessible active sites for lithium–air (Li–O2) 
batteries and fuel cells. In DSSCs and photocatalysis, intri-
cate hollow structures have the unique advantages of enabling 
multiple light reflection and scattering, leading to enhanced 
light-harvesting capability and thus superior power conversion 
efficiency or photocatalytic activity.

A number of high-quality reviews have been published 
in the last decade covering the synthesis and applications of 
hollow structures without specific focus on intricate hollow 
structures.[2,4–8,10–15,17–21] Recently, several reviews have dis-
cussed some aspects of complex hollow structures and their 
applications in energy storage and conversion, gas sensors, 
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and biomedicine.[1,3,9,16] Here, we make great efforts to pre-
sent a comprehensive overview of the synthetic methodolo-
gies for intricate hollow structures with special emphasis on 
newly emerging synthetic strategies. The application of intri-
cate hollow structures in LIBs, Li–S batteries, supercapacitors, 
Li–O2 batteries, DSSCs, photocatalysis, and fuel cells is also 
highlighted.

2. Synthetic Methodologies for Multi-Shelled 
Hollow Structures

Multishelled hollow structures (MSHSs), also known as Matry-
oshkas or Russian dolls, are the most frequently studied 
intricate hollow structures. They have multiple concentric or 
eccentric shells with different sizes. Because of their complex 
structure, the synthesis and manipulation of intricate hollow 
structures are much more challenging than those of their 
single-shelled counterparts. It is generally accepted that the 
more complicated a target structure is, the more sophisticated a 
synthetic procedure is needed.[22] As a result, some special syn-
thetic strategies different from routine methods toward single-
shelled hollow structures, are required to achieve intricate 
hollow structures. In this section, the synthetic methodologies 
for MSHSs, including well-established hard- and soft-tem-
plating methods, as well as newly emerging approaches based 
on selective etching of “soft@hard” particles, Ostwald ripening, 
ion exchange and thermally induced mass relocation, will be 
comprehensively reviewed.

2.1. Hard Templating

Hard templating is the most widely employed method for 
the production of hollow structures; it is simple, effective, 
and straightforward in concept. Early in 1998, Caruso et al. 
pioneered the synthesis of hollow spheres by combining 
colloidal templating and shell-by-shell deposition.[23] In general, 
the hard-templating synthesis involves four major steps: i) tem-
plate preparation; ii) surface modification of the hard tem-
plate, iii) target material coating/deposition; and iv) template 
removal.[2] The coating/deposition of the target material on a 
hard template (step II) is generally considered as the most chal-
lenging step; sometimes, the surface modification (step III) can 
be omitted if the target material is compatible with the template. 
The most frequently employed hard templates include mono-
disperse polymer, silica, carbon, metal, and metal oxide colloids. 
These templates are selected because of their monodispersity, 
easy size and shape control, ready availability in large amounts, 
and easy synthesis using well-known recipes. For example, 
monodisperse silica (SiO2) spheres with controllable size can be 
easily prepared by the Stöber process on a large scale.[24]

2.1.1. Templating against Solid Hard Templates

Conceptually, it is feasible to extend the hard-templating 
method to the fabrication of MSHSs. For the preparation 
of MSHSs, the target shells and sacrificial interlayers are 

sequentially coated onto the template; after removing the sac-
rificial template and interlayers, MSHSs can be obtained.[16] 
For example, Jang and co-workers reported the hard-templating 
synthesis of TiO2 hollow spheres with controllable shell num-
bers (Figure 1a).[25] In this approach, SiO2 spheres prepared by 
the Stöber process are employed as the hard templates. TiO2 
and SiO2 layers are alternately coated on the surface of SiO2 
spheres to form SiO2@TiO2, SiO2@TiO2@SiO2@TiO2, and 
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SiO2@TiO2@SiO2@TiO2@SiO2@TiO2 core–shell spheres via 
sol–gel processes. After calcination and NaOH etching, TiO2 
single-shelled hollow spheres (SSHSs) (Figure 1b), double-
shelled hollow spheres (DSHSs) (Figure 1c), and triple-shelled 
hollow spheres (TSHSs) (Figure 1d) can be obtained. By a sim-
ilar approach, the same group also prepared SiO2/TiO2 SSHSs 
and DSHSs.[26,27] In the latter case, a mild etchant (NH3·H2O), 
rather than NaOH, is used to partially dissolve the SiO2 core 
and sacrificial layer.

Li et al. reported the preparation of nearly monodisperse 
poly(methacrylic acid) (PMAA) double-shelled hollow spheres 
and SiO2 core-in-double-shell hollow spheres via hard tem-
plating.[28] Alternating SiO2@PMMA tetra- and penta-layered 
hybrid spheres are first prepared by combining the sol–gel 
process and distillation–precipitation polymerization. Etching 
the SiO2 from the SiO2@PMMA@SiO2@PMMA tetra-layer 
spheres with HF generates double-shelled PMAA hollow 
spheres. On the other hand, removal of the PMAA layers 
from the SiO2@PMMA@SiO2@PMMA@SiO2 penta-layered 
spheres by calcination produces SiO2 core-in-double-shell 
hollow spheres. Similarly, Cao et al. reported the fabrication of 
monodisperse double-shelled SiO2 hollow spheres using cati-
onic poly(styrene) (CPS) particles as the hard templates.[29]

The shell-by-shell deposition of target materials and sacrifi-
cial layers on hard templates is generally complex and tedious, 
making the low cost and scalable production of MSHSs unfea-
sible. As a result, tremendous efforts have been dedicated to 
simplifying the hard-templating process. Conventionally, the 
synthesis of a colloidal template, the deposition of target mate-
rials, and the coating of sacrificial layers are achieved under 
different synthetic conditions. If two or three of the above pro-
cesses can be fulfilled under the same conditions, the synthesis 
of MSHSs can be significantly simplified. Stöber SiO2 spheres, 
a widely employed hard template in hollow sphere synthesis, 
are usually synthesized by the hydrolysis and condensation of 
silicon alkoxide (e.g., tetraethyl orthosilicate (TEOS)) in a water/
alcohol mixture (e.g., water/ethanol) in the presence of a base 
catalyst (e.g., ammonia).[24] Interestingly, monodisperse resor-
cinol–formaldehyde (RF) resin spheres can be created through 
the polymerization of resorcinol and formaldehyde under the 
Stöber conditions (water–ethanol–ammonia) as well.[30] This 
fact creates tremendous opportunities in the preparation of 
novel hollow structures. Fuertes et al. reported the one-step syn-
thesis of SiO2@RF core–shell spheres by the Stöber method.[31] 
The SiO2@RF core–shell structure is obtained because the 
hydrolysis and condensation of TEOS proceeds much quicker 
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Figure 1.  a) Schematic illustration for the hard templating synthesis of TiO2 TSHSs. b–d) TEM images of TiO2 SSHSs (b), DSHSs (c), and TSHSs 
(d). Reproduced with permission.[25]
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than the polymerization of resorcinol and formaldehyde. RF 
polymeric hollow spheres can be generated by dissolving the 
SiO2 core of the SiO2@RF spheres; hollow carbon spheres can 
be obtained by carbonization of the SiO2@RF followed by HF 
etching.

Yu and co-workers extended the Stöber method to the syn-
thesis of a series of hollow carbon colloids, including intact 
SSHSs, intact DSHSs, invaginated (bowl-like) DSHSs, endo-
invaginated DSHSs, intact TSHSs, and invaginated TSHSs.[32] 
The synthesis is carried out under the Stöber conditions with 
TEOS, resorcinol, and formaldehyde as precursors (Figure 2). 
Due to the relatively fast hydrolysis and condensation rates of 
TEOS, Stöber SiO2 spheres form first via homogeneous nuclea-
tion. The RF precursors preferentially polymerize on the SiO2 
surface through heterogeneous nucleation (step I). For the 
synthesis of DSHSs, TEOS is introduced for the second time 
at a chosen time point (step II). The subsequent heteroge-
neous nucleation of SiO2 leads to the formation of uniformly 

distributed SiO2 islands on the RF shell. The residual RF oli-
gomers co-condense with the SiO2 nanoparticles to form a 
composite SiO2/RF layer. After carbonization (step III) and 
SiO2 removal (step IV), DSHSs are obtained. By controlling the 
thickness of the carbon shells or the size of the SiO2 islands, the 
morphology of the DSHSs can be finely regulated from intact 
spheres to invaginated spheres or endo-invaginated spheres. 
With a similar strategy, Zang et al. obtained single-shelled and 
double-shelled mesoporous carbon hollow spheres by intro-
ducing the cationic surfactant cetyltrimethyl ammonium bro-
mide (CTAB) into the synthesis.[33]

In some cases, it is found that the shell-by-shell deposition 
of target materials on a hard template can also lead to MSHSs, 
while no sacrificial layer is required. As a specific example, 
Lou et al. developed a hydrothermal shell-by-shell deposi-
tion method for the preparation of nearly monodisperse SnO2 
hollow spheres with a single (Figure 3a) or a double shell.[34] 
In this novel approach, SiO2 spheres are used as the hard 
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Figure 2.  a) Schematic illustration for the synthesis of invaginated, endo-invaginated, and intact DSHSs. b–g) TEM images of intact SSHSs (b), intact 
DSHSs (c), invaginated DSHSs (d), endo-invaginated DSHSs (e), intact TSHSs (f), and invaginated TSHSs (g). Reproduced with permission.[32] 
Copyright 2015, American Chemical Society.
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templates; and polycrystalline SnO2 can be hydrothermally 
deposited on the surface of SiO2 to form a uniform single shell. 
A second shell can be created by simply repeating the hydro-
thermal deposition process (the so-called shell-by-shell deposi-
tion). Interestingly, by controlling the relative amount of SiO2 
template, it is also possible to create SnO2 DSHSs via a one-step 
hydrothermal deposition (Figure 3b). This hydrothermal deposi-
tion method requires no prior surface modification, which may 
benefit from the compatibility between the SiO2 templates and 
polycrystalline SnO2. Another advantage of this approach is that 
functional components, such as Au nanoparticles (Figure 3c)[34] 
and Fe3O4 magnetic particles,[35] can be easily 
introduced in the interior cavity of the SnO2 
hollow spheres.

The power of the hydrothermal shell-by-
shell deposition is further demonstrated by 
applying this method to non-spherical tem-
plates.[36] The synthesis starts from coating 
hematite (α-Fe2O3) spindles with a SiO2 layer 
using the Stöber process, which produces 
ellipsoidal α-Fe2O3@SiO2 core–shell parti-
cles. The resultant α-Fe2O3@SiO2 particles 
are then employed as the hard templates 
and subjected to hydrothermal shell-by-shell 
deposition. Single-step and repeated hydro-
thermal deposition leads to single-walled 
(Figure 3d) and double-walled (Figure 3e) 
SnO2 nanococoons with movable α-Fe2O3 
spindles after SiO2 removal. As in the case 
of spherical SiO2 templates, double-walled 
hollow structures (Figure 3f) can be achieved 
via single-step hydrothermal deposition if the 
amount of template is reduced.

2.1.2. Templating Against Porous Hollow 
Structures

Besides solid colloids, porous hollow struc-
tures can also be employed as the hard tem-
plates for the fabrication of MSHSs. Contrary 
to solid templates, the desired materials can 
be coated on both the exterior and interior 
surfaces of the porous hollow structures. As 
a result, double-shelled hollow structures 
can be achieved with one target-material-
coating–template-removal cycle. For example, 
Yang et al. reported a general synthetic route 
toward DSHSs using hollow latex spheres as 
the templates.[37] The synthesis begins with 
the sulfonation of commercially available 
polystyrene (PS) hollow spheres (Figure 4a). 
The sulfonation process functionalizes the 
exterior surface, the interior surface, and the 
transverse channels of the PS hollow spheres 
with hydrophilic sulfonic acid groups 
(–SO3

−H+). Immersion of the sulfonated PS 
hollow spheres into a tetrabutyl titanate sol 
generates sandwich-structured TiO2@PS@
TiO2 hollow spheres. Selective removal of the 
PS by a suitable solvent or calcination leads 

to the formation of TiO2 DSHSs (Figure 4b,c). The sulfonation 
time determines the thickness of the sulfonated hydrophilic 
shell and thus the thickness of the target hollow spheres. As 
the sulfonic acid groups is capable of interacting with a large 
variety of species, such as metal ions (e.g., Fe3+), metal oxide 
precursors (e.g., titanium alkoxides), and basic organic mole
cules (e.g., aniline), various functional components can be 
deposited on the sulfonated hydrophilic locations of the tem-
plate. Besides TiO2 DSHSs, Fe3O4 and polyaniline, DSHSs can 
also be produced by this method. With a modified approach, 
the same group deposited TiO2 and SiO2 on the interior and 
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Figure 3.  a–f) TEM images of SnO2 SHHSs (a), SnO2 DSHSs obtained from one-step hydro-
thermal deposition (b), Au@SnO2 DSHSs (c), single-walled SnO2 nanococoons with mov-
able α-Fe2O3 spindles (d), double-walled SnO2 nanococoons with movable α-Fe2O3 spindles 
obtained from repeated hydrothermal shell-by-shell deposition (e), and double-walled SnO2 
nanococoons with movable α-Fe2O3 spindles obtained from one-step hydrothermal deposition 
(f). a–c) Reproduced with permission.[34] d–f) Reproduced with permission.[36]

Figure 4.  a) Schematic illustration for the formation of DSHSs using PS hollow spheres as the 
hard templates. b,c) TEM images of TiO2 DSHSs with thin (b) and thick shells (c). Reproduced 
with permission.[37]



R
ev

ie
w

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimwileyonlinelibrary.com1602914  (6 of 29)

exterior surfaces of the hollow PS spheres, respectively. After 
removing the PS interlayer, double-shelled composite hollow 
spheres were obtained; the inner shell was composed of TiO2, 
while the outer shell was composed of SiO2.[38]

Lou, Guo, and co-workers reported the fabrication of double-
shelled hollow carbon spheres, using porous SnO2 hollow 
spheres as the hard templates.[39] The synthesis involves:  
i) preparation of porous SnO2 hollow spheres, ii) coating the 
porous SnO2 hollow spheres with glucose-derived polysac-
charide on the exterior/interior surfaces and in the pores of 
the shell, iii) carbonization, and iv) template removal. By 
employing Fe3O4 porous hollow spheres as the templates and 
a similar coating approach, Qian and co-workers fabricated 
pristine and N-doped double-shelled hollow carbon spheres.[40] 
The N-doping is achieved by HNO3 treatment of the Fe3O4@C 
precursors. Using TiO2 hollow spheres as the hard templates 
and dopamine as the N-containing carbon precursor, Man-
thiram and co-workers prepared N-doped double-shelled 
hollow carbon spheres.[41] The TiO2 hollow spheres possess 
a porous shell, through which the dopamine molecules pen-
etrate into the hollow interior. The dopamine polymerizes, 
forming a polydopamine coating on the exterior/interior 
surfaces and in the pores of the TiO2 shell. N-doped double-
shelled hollow carbon spheres can be obtained after carboni-
zation and HF etching. Pang et al. prepared double-shelled 
poly(3,4-ethylenedioxythiophene) (PEDOT) and polypyrrole 
(PPy) hollow spheres using Fe3O4 hollow spheres as sacrificial 
templates.[42] Besides hollow spheres, Fe3O4 yolk–shell struc-
tures can also be employed as the sacrificial templates. In this 
case, the exterior surface of the shell and the interior surface 
of the shell, as well as the surface of the core can be coated 
with conducting polymers, and triple-shelled PEDOT hollow 
spheres can be obtained after template removal. By judicious 
selection of the template, even more complex MSHSs can 
be achieved. For example, Song, Gao and co-workers con-
structed double- and quadruple-shelled hollow carbon spheres 
by employing single- and double-shelled mesoporous-silica 
hollow spheres as the templates.[43]

2.2. Soft Templating

Amphiphilic molecules such as surfactants and block copoly-
mers are able to self-assemble into micelles or vesicles with dif-
ferent structures when their concentration in solution exceeds 
the critical micelle concentration (CMC).[2] Such micelles and 
vesicles can act as soft templates directing the formation of 
hollow structures. However, the micelles and vesicles are ther-
modynamically metastable, and they are very sensitive to the 
synthesis parameters, such as temperature, pH value, concen-
tration of the amphiphilic molecules, solvent, organic/inor-
ganic additives, and ionic strength of the solution. In principle, 
this sensitivity can provide delicate control over the morphology 
and structure of the micelle/vesicle template. In practice, how-
ever, it makes the widespread application of micelle/vesicle 
templating in constructing hollow structures with various com-
positions and morphologies difficult, as the addition of target 
precursors into the synthesis system may affect the micelle/
vesicle formation.

Despite it being challenging, a variety of inorganic mate-
rials with MSHS have been prepared by micelle/vesicle tem-
plating. Among these materials, silica and silica-based hybrid 
materials are no doubt the most successful examples due to 
the well-controlled hydrolysis and condensation behaviors of 
silica precursors in aqueous solution. Pinnavaia and co-workers 
reported the synthesis of ultrastable mesostructured silica 
vesicles with the shells constructed of one or more undulated 
silica sheets through a supramolecular assembly pathway.[44] 
The hydrogen bonding between electrically neutral gemini 
surfactants (CnH2n+1NH(CH2)2NH2) and silica precursors 
derived from TEOS play a significant role in the assembly. Liu 
et al. prepared multishelled mesoporous-silica hollow spheres 
with uniform size, tunable shell thickness, and controlled 
shell number (1 to 4 shells) through vesicle templating using  
[C3F7O(CFCF3CF2O)2CFCF3CONH(CH2)3N+(C2H5)2CH3I−] 
(FC4) and EO106PO70EO106 (F127) as the soft templates.[45] 
Zhang et al. reported the high yield synthesis of organosili-
ceous multilamellar vesicles through a single-surfactant vesicle-
templating approach using Pluronic P85 as the structure-
directing agent and 1,2-bis(triethoxysilyl)ethane (BTEE) as the 
organosilica precursor.[46]

The polymerization of phenol and formaldehyde can be well 
controlled in solution, and the resulting polymer (phenolic 
resin) possesses a three-dimensional (3D) covalently bonded 
framework like that of amorphous silica. Both factors inspire 
the extension of soft templating to the synthesis of phenolic 
resin multilayer vesicles. Gu et al. first reported the synthesis of 
mesoporous phenolic-resin–silica multilayer vesicles through 
an aqueous emulsion coassembly approach.[47] In this multicon-
stituent coassembly, a low-molecular-weight water-soluble resol, 
prehydrolyzed TEOS, commercially available Pluronic F127, 
and 1,3,5-trimethylbenzene (TMB) were selected as the carbon 
precursor, silica source, soft template, and organic co-solvent, 
respectively. The as-synthesized phenolic-resin–silica multilayer 
vesicles had 3–9 shells. Calcination at 350 °C in N2 removes the 
template; further carbonization at 900 °C affords mesoporous-
carbon–silica multilayer vesicles with carbon pillars located 
between the layers to stabilize the lamellar structure. Etching 
of silica yields mesoporous-carbon multilayer vesicles, while 
calcination in air or microwave digesting removes the organic 
components and results in mesoporous-silica vesicles. Liu 
et al. reported the preparation of multilayered mesoporous 
resorcinol–formaldehyde hollow spheres with concave surface 
via organic–organic self-assembly in acidic ethanol/water solu-
tion.[48] Multilayered mesoporous-carbon hollow spheres with a 
concave surface can be obtained by carbonization of the corre-
sponding polymer spheres.

Besides silica- and carbon-based materials, the micelle/ves-
icle templating can also be applied to the synthesis of MSHSs 
with other compositions, such as TMOs. Wang and co-workers 
reported the vesicle-templating synthesis of single-crystalline 
Cu2O hollow spheres by using CTAB as the template (Figure 5) 
in aqueous solution.[49,50] By fine adjustment of the concentra-
tion of CTAB (from 0.10 to 0.15 M), the structure of the Cu2O 
hollow spheres can be tuned from single- to double-, triple-, 
and quadruple-shelled. Similarly, Ma, Yao and co-workers 
reported the synthesis of Co3O4 SSHSs, DSHSs, and TSHSs by 
employing poly(vinylpyrrolidone) (PVP) as a soft template.[51] 
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An interesting feature of these hollow spheres are that they are 
constructed from nanosheet building blocks. It is speculated 
that PVP multilamellar vesicles with controlled shell num-
bers form at first. Due to the strong coordination interaction 
between the functional groups on PVP (–N and CO groups) 
and metal ions, the cobalt glycolate oligomers preferentially 
deposit on the multishells of the PVP vesicles. Co3O4 multi-
shelled hollow spheres can be obtained after template removal. 
As in the case of Cu2O hollow spheres, the shell number of 
Co3O4 hollow spheres is also dependent on the concentration 
of surfactant; increase in PVP concentration leads to increased 
shell numbers. This method is then extended to the prepara-
tion of Co3O4–Fe3O4 multishelled hollow spheres.[52]

2.3. Selective Etching of “Soft@Hard” Particles

Etching has been widely employed in removal of templates and 
sacrificial interlayers during the fabrication of hollow struc-
tures. The composition of templates and sacrificial interlayers 
is usually different from that of the desired material. Recently, 
it has been demonstrated that the creation of hollow structures 
through selective etching of a single-component material, such 
as SiO2, Prussian Blue (PB), ZnSn(OH)6, and CoSn(OH)6, is 
also possible. A common feature of these parent materials is 
that they all have some “soft regions” and “hard regions”.

Stöber SiO2 spheres are perceived to be 
“homogeneous” in nature and uniform under 
microscopy. However, some recent reports 
have revealed that some regions of the Stöber 
SiO2 spheres and their derivatives might 
be selectively etched away by HF, NaOH, 
NH3·H2O, Na2CO3, or hot water, generating 
yolk–shell and hollow structures.[53–57] Chen 
et al. unambiguously demonstrated that the 
selectivity in etching originated from the 
inhomogeneous nature of the Stöber SiO2 
spheres.[58] Under Stöber synthetic condi-
tions, TEOS undergoes stepwise hydrolysis, 
producing incompletely and completely 
hydrolyzed monomers with 1–4 hydroxyl 
groups. The further and simultaneous con-
densation of these monomers results in the 
formation of Stöber SiO2 spheres. Given the 
slow hydrolysis rate of TEOS, a gradient in 
condensation degree and chemical stability 
is expected in the resultant SiO2 spheres. 
The innermost region formed at the early 
stages contains a high fraction of uncon-
densed ethoxy groups. As a result, this region 
has a low crosslinking degree and thus low 
chemical stability (defined as “soft”). The 
outmost layer formed at the later stages, in 
contrast, has a high crosslinking degree and 
high chemical stability (defined as “hard”), as 
it is mostly derived from the condensation 
of silicic acid. The instable “soft region” can 
be stabilized with some post-treatment such 
as incubation. With this new understanding, 

multishelled Au@SiO2 yolk–shell structures can be fabricated 
by repeated SiO2 deposition–incubation–hot-water-etching, 
which is quite facile and reproducible.

Just like the Stöber SiO2 spheres, periodic mesoporous 
organosilica (PMO) spheres prepared by the Stöber method 
are also inhomogeneous in condensation degree and stability. 
Taking full advantage of the inhomogeneous nature of the 
PMO spheres and selective etching, Zhao, Lu and co-workers 
extended the above concept to the fabrication of PMO multi-
shelled hollow spheres (Figure 6).[59] As shown in Figure 6a, 
mesostructured ethane-bridged organosilica spheres were first 
prepared by a modified Stöber method using CTAB as the soft 
templates, and 1,2-bis(triethoxysilyl)ethane (BTSE) and TEOS 
as the precursors. Repeated addition of BTSE and TEOS gen-
erated multilayered organosilica/CTAB composite spheres with 
increased diameter. As in the case of Stöber SiO2 spheres, the 
inner regions of each organosilica layer formed at the early 
stages of reaction were relatively “soft” with a low condensa-
tion degree, while the outer regions of each layer formed at 
the later stages of the reaction were relatively “hard” with a 
high condensation degree. When the as-obtained organosilica/
CTAB spheres were subjected to hydrothermal treatment, the 
inner regions (“soft regions”) of each organosilica layer were 
attacked by the water and dissolved, while the outer regions 
(“hard regions”) of each layer persisted and formed multiple 
hollow shells (Figure 6b). After extraction of the CTAB, PMO 
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Figure 5.  a–d) TEM images of single-shelled (a), double-shelled (b), triple-shelled (c), and 
quadruple-shelled (d) Cu2O hollow spheres. Reproduced with permission.[49]
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multishelled hollow spheres with ordered mesoporous chan-
nels could be obtained. The number of shells could be easily 
controlled by the addition time of silane precursors. The overall 
diameter, intershell spacing, and shell thickness of the PMO 
multishelled hollow spheres could be precisely modulated by 
tuning the CTAB concentration, the amount of organosilica 
cores, and the reaction temperature, respectively. Another 
salient feature of this approach is that different shells of the 
PMO multishelled hollow spheres can be functionalized with 
different organic groups, endowing the products with mul-
tiple functions. More examples of SiO2- and PMO-based multi-
shelled hollow spheres prepared via selective etching have been 
reported by Yeh and co-workers[60] and Tang and co-workers.[61]

Apart from SiO2 and its derivatives, the selective etching 
strategy can also be applied to the preparation of intricate 
hollow structures with other compositions. For example, the 

core of ZnSn(OH)6 and CoSn(OH)6 nano-
cubes can be selectively etched by NaOH, 
generating porous and single-crystalline 
ZnSn(OH)6 and CoSn(OH)6 nanoboxes.[62,63] 
By combining repeated deposition of 
CoSn(OH)6 onto pre-grown seeds (such as 
nanocubes and nanoboxes) and subsequent 
alkaline etching, a series of CoSn(OH)6 com-
plex hollow structures can be fabricated, 
including yolk–shell cubes and double-, 
triple-, and quadruple-shelled nanoboxes. 
This approach can be easily extended to the 
fabrication of ZnSn(OH)6 MSHSs, which 
can then be converted into ZnSnO3 and 
Zn2SnO4/SnO2 MSHSs.[64,65] Interestingly, 
even single-crystalline PB mesocrystals can 
also be considered as “soft@hard” particles. 
They possess more defects and lower stability 
in the core region, while having fewer defects 
and higher stability at the outmost region. As 
such, the “soft” cores of PB can be selectively 
etched by hot HCl in the presence of PVP, 
leaving behind “hard” hollow shells.[66] The 
“soft@hard” PB crystals can be used as the 
seed for further crystal growth, generating 
“soft@hard@soft@hard” PB particles. When 
the “soft@hard@soft@hard” PB particles 
are immersed in an acidic solution, the “soft 
regions” can be selectively removed, while the 
“hard regions” can be preserved, resulting in 
double-shelled PB hollow structures.[67] This 
concept can be further applied to the prepa-
ration of yolk–shell and core-in-double-shell 
hollow structures of PB analogues.

2.4. Ostwald Ripening

Ostwald ripening is a well-known phenom-
enon in crystal growth.[68] According to the 
IUPAC definition, it refers to the “dissolu-
tion of small crystals or sol particles and the 
re-deposition of the dissolved species on the 

surfaces of larger crystals or sol particles”. Over a decade ago, 
Yang and Zeng first demonstrated the Ostwald ripening mecha-
nism as a template-free route for the preparation of SSHSs.[69] 
Primary TiO2 crystallites are first generated through the hydrol-
ysis of TiF4 under hydrothermal conditions. To minimize the 
total interfacial energy, the TiO2 crystallites aggregate into 
spherical assemblies. The inner crystallites formed in the early 
stages of nucleation and crystal growth are relatively small and 
have high surface energies, while those in the outer surfaces 
formed in the later stages are relatively large. As a result, the 
central region of the spheres begins to evacuate through dis-
solution, generating a hollow cavity.

Recently, Ostwald ripening has been further proven to be 
an efficient process in constructing MSHSs. For example, 
Zhang and Wang developed a multistep Ostwald ripening 
approach for the geometry-controlled fabrication of Cu2O 
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Figure 6.  a,b) Schematic illustration for the preparation of triple-shelled PMO hollow spheres 
(a) and schematic illustration for the successive growth process of the organosilica/CTAB 
composite spheres under Stöber conditions and the corresponding multishelled PMO hollow 
spheres after hydrothermally induced selective etching (b). Reproduced with permission.[59] 
Copyright 2015, American Chemical Society.
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multishelled hollow spheres.[70] The first Ostwald ripening 
process generates Cu2O SSHSs. With the introduction of 
additional reactants into the reaction mixture, new Cu2O 
crystallites are produced; the newly generated Cu2O is depos-
ited on the surface of the first shell, forming a thicker shell 
with an increased overall diameter. During the second Ost-
wald ripening process, the freshly formed crystallites with 
relatively small crystallite size (attached to the first shell orig-
inally) evacuate, while the freshly formed crystallites with 
relatively large crystallite size survive (located at the outmost 
surface), leading to the formation of Cu2O DSHSs. Triple-
shelled and quadruple-shelled Cu2O hollow spheres can also 
be easily prepared by repeating the deposition-then-ripening 
cycle.

To further increase the architectural complexity and flex-
ibility, Yec and Zeng developed a seed-mediated-growth–
successive-Ostwald-ripening strategy to fabricate a family of 
Cu2O(@Cu2O)n (n = 1–4) multishelled core–shell and yolk–
shell structures (Figure 7).[71] Single-crystalline Cu2O nano-
cubes (type A) with the ability to withstand multiple Ostwald 
ripening processes are employed as the original seeds. The 
Cu2O seeds are then added to a nutrient solution and sub-
jected to seed-mediated-growth–Ostwald-ripening process for 
shell growth. After one growth–ripening cycle, either a concen-
tric Cu2O@Cu2O core–shell structure (type B) or an eccentric 
Cu2O@Cu2O yolk–shell structure (type C) can be obtained. 
Interestingly, the core–shell and yolk–shell structures obtained 
from a previous step can serve as newer-generation seeds for 
subsequent shell growth, resulting in structures with even 
more complex configurations and architectures. In addition, 

the centricity and eccentricity of the core–shell and yolk–shell 
structures can be controlled at each growth-ripening cycle. 
With two growth–ripening cycles, double-shelled structures 
with four configurations can be obtained (types D to G); with 
three growth–ripening cycles, triple-shelled structures with 
eight configurations can be obtained (types H to O). By tuning 
the synthetic parameters, connecting individual multishelled 
spheres into bean-pod like structures is also possible (types R 
to U). A total of 20 representative structures have been synthe-
sized using this strategy.

It should be pointed out that, if we define the small crystal-
lites with high surface energy as “soft regions” and the large 
crystallites with low surface energy as “hard regions”, Ostwald 
ripening can be regarded as a selective etching process of 
“soft@hard” particles as well. The only difference is the “soft” 
small crystallites dissolved in solution can be re-deposited as 
“hard” large crystallites on the surface.

2.5. Ion Exchange

Ion exchange is the process in which ions (either cations or 
anions) are exchanged between a solution and an insoluble 
solid. It has been widely employed in purification, separation, 
and water decontamination. Recently, ion exchange has been 
exploited as a powerful method for the fabrication of hollow 
structures, including MSHSs. As a successful example, Xiong 
and Zeng reported the fabrication of single-, double-, triple-, 
and quadruple-shelled Cu2S hollow spheres through a serial 
ion-exchange approach using Cu2O–PVP hybrid colloids as 
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Figure 7.  Schematic illustration for the synthesis of a family of Cu2O(@Cu2O)n (n = 1–4) core–shell and yolk–shell structures (B to U) by a seed-
mediated-growth–successive-Ostwald-ripening strategy. The red cubes represent single-crystalline Cu2O seeds, while the blue circles represent poly-
crystalline Cu2O shells. Reproduced with permission.[71] Copyright 2012, American Chemical Society.
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the precursors (Figure 8).[72] The Cu2O–PVP 
precursor spheres are synthesized with a 
PVP-assisted polyol method (step 1). During 
the ion exchange, the S2− ions released from 
thiourea react with the Cu2O and produce a 
Cu2S surface layer (step 2). Due to the fast 
outward diffusion of O2− and slow inward 
diffusion of S2−, a gap is developed between 
the Cu2O core and Cu2S shell (step 3). The 
Cu2S surface layer formation (on the inner 
Cu2O core) and gap development processes 
can be repeated several times (steps 4 to 9), 
and the second, third, and fourth Cu2S shell 
are produced sequentially.

As another example, Shen et al. extended 
the ion-exchange strategy for the fabrica-
tion of ternary metal sulfide (NiCo2S4) 
DSHSs (Figure 9).[73] In this approach, uni-
form nickel cobalt glycerate (NiCo-glyc-
erate) spheres prepared by a facile solvo-
thermal method are used as the precursor 
(Figure 9b). The NiCo-glycerate precursor 
spheres are then subjected to a solution-
sulfidation process to convert the glycerate 
into sulfide and induce the solid-to-hollow 
transformation. The sulfidation process 
can be divided into three stages. At stage I, 
S2− ions are released from thioacetamide at 
a high temperature. The S2− ions can then 
react with the NiCo-glycerate spheres, pro-
ducing NiCo-glycerate@NiCo2S4 core–shell 
spheres (Figure 9c). Due to the slow inward 
diffusion of S2− ions and fast outward diffusion of metal ions, a 
well-defined gap between the glycerate core and sulfide shell is 
developed with continuous reaction (stage II, Figure 9d). With a 
gap between the core and shell, the outward diffusion of metal 
ions is blocked, while the inward diffusion of S2− ions is not 
affected or even facilitated. As a result, a second NiCo2S4 shell 
is formed on the inner glycerate core. As the sulfidation goes 
on, NiCo2S4 DSHSs are finally obtained (stage III, Figure 9e). 
By adjusting the synthesis conditions, such as reaction tem-
perature, NiCo2S4 yolk–shell structures and SSHSs can also 
be obtained. Apart from NiCo2S4, MnCo2S4 DSHSs can also 
be created by using MnCo-glycerate spheres as the precursor, 
demonstrating the versatility of this approach.

2.6. Thermally Induced Matter Relocation

Matter relocation plays a significant role in Ostwald rip-
ening,[69,70] ion exchange,[71,72] and the Kirkendall effect,[74,75] 
three widely studied mechanisms for the construction of 
hollow structure. Recently, it has been found that the thermal 
decomposition of a series of materials may lead to the forma-
tion of either simple or complex hollow structures, during 
which thermally induced matter relocation plays an indis-
pensible role. These materials include metal carbonates,[76] 
metal–organic frameworks (MOFs),[77] metal glycolates,[78] 
metal glycerates,[79] metal-ion-containing carbon spheres,[80] 

metal-ion-/metal-oxide-containing polymer spheres,[22,81] and 
metal-salt–organic-hybrid spheres.[82] These materials share 
some similarities. First, they are composed of a metallic 
moiety and a decomposable organic/inorganic moiety. In most 
cases, the metallic moiety is dispersed homogeneously in the 
decomposable organic/inorganic matrix at atomic scale or the 
nanoscale. Second, they all experience significant weight loss 
during thermal decomposition in air due to the burn-off of the 
organic moiety and the release of gases. Third, for all these 
materials, matter relocation takes place during the thermal 
decomposition. Due to the above-mentioned similarities, a ver-
satile hollow-structure-formation mechanism during thermal 
decomposition is expected.

Guan et al. proposed a non-equilibrium heat-treatment-
induced heterogeneous contraction mechanism to explain the 
formation of a series of maghemite (γ-Fe2O3) hollow struc-
tures during the thermal decomposition of iron citrate–PVP 
gel spheres in air.[81] They found that the structure of the prod-
ucts can be modulated from solid spheres to SSHSs, yolk–
shell spheres, DSHSs, and core-in-double-shell hollow spheres 
by simply adjusting the heating rate (Figure 10). With a low 
heating rate of 1 °C min−1, the gel spheres are almost homo-
geneously heated from the outmost surface to the center. As 
a result, γ-Fe2O3 solid spheres (A) are obtained. With a high 
heating rate of 10–250 °C min−1, a temperature gradient (ΔT) 
along the radial direction of the gel spheres is expected. Due 
to the existence of ΔT, the outermost surface of the gel spheres 
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Figure 8.  Schematic illustration for the formation of Cu2S multishell hollow spheres. Step 1, 
preparation of Cu2S–PVP hybrid spheres; step 2, surface Cu2S formation through ion exchange; 
step 3, formation of the first shell; step 4, step 6, and step 8, Cu2S formation on the inner Cu2O 
core; step 5, step 7, and step, 9 formation of the second, third, and fourth shell, respectively. 
Reproduced with permission.[72]



R
ev

iew

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim wileyonlinelibrary.com (11 of 29)  1602914

decomposes first, forming an iron citrate–PVP@γ-Fe2O3 core–
shell structure. The γ-Fe2O3 shell is rigid in nature; it can 
prevent the further contraction of the outer diameter. For the 

iron citrate–PVP core, it continues to shrink due to the large 
weight loss in the subsequent annealing; that is to say, hetero-
geneous contraction happens. The interface between the iron 

citrate–PVP core and the γ-Fe2O3 shell expe-
riences two forces of opposite direction: the 
cohesive force (σco) from the inner core and 
the adhesive (σad) force from the rigid shell. 
The former promotes the inward shrinkage 
of the core, while the latter prevents the 
inward shrinkage. When σco < σad, the inner 
core shrinks outward to the pre-formed shell, 
leading to the formation of γ-Fe2O3 SSHSs 
(B). This is what happens at a heating rate of 
10 °C min−1. When the heating rate increases 
from 10 to 20 °C min−1, σco exceeds σad. 
Therefore, the inner core contracts inwardly 
and separates from the rigid γ-Fe2O3 shell. 
For the as-generated core, the above forma-
tion processes of solid spheres or hollow 
spheres can be repeated depending on the 
remaining ΔT in the radial direction. The 
ΔT decreases with prolonged annealing 
time, as does σco. With a heating rate of  
20 °C min−1, the remaining ΔT is too small 
to induce the formation of the second shell. 
As a result, the separated inner core shrinks 
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Figure 9.  a) Schematic illustration for the formation of NiCo2S4 DSHSs. Stage I: surface NiCo2S4 formation via ion exchange. Stage II: formation of the first 
NiCo2S4 shell and formation of NiCo2S4 on the inner NiCo-glycerate core through S2− diffusion. Stage III: completion of the ion-exchange reaction. M2+ refers 
to metal cations including Ni2+ and Co2+. b–e) TEM images of the NiCo-glycerate precursor spheres (b), and the products after sulfidation of the NiCo-
glycerate spheres for 0.5 h (c), 2 h (d), and 6 h (e). Scale bars in (b–e): 200 nm. Reproduced with permission.[73] Copyright 2014, Nature Publishing Group.

Figure 10.  Schematic illustration for the formation of γ-Fe2O3 solid spheres (A), SSHSs 
(B), yolk–shell spheres (C), DSHSs (D), and core-in-double-shell hollow spheres (E) by 
sintering the iron citrate–PVP composite gel spheres at 500 °C in air with different heating 
rates. Reproduced with permission.[81] Copyright 2010, Royal Society of Chemistry.
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into a solid sphere, and yolk–shell structured are obtained (C). 
With a heating rate of 50 °C min−1, the remaining ΔT is large 
enough to generate the second shell and DSHSs are achieved 
(D). With an even higher heating rate of 250 °C min−1, the large 
remaining ΔT induces not only a second shell but also another 
inner core, resulting in the formation of core-in-double-shell 
hollow spheres (E). According to the non-equilibrium heat-
treatment-induced heterogeneous contraction mechanism, 
even more complex hollow structures, such as triple-, quad-
ruple-, and quintuple-shelled hollow spheres, can be expected 
if the ΔT is large enough. Although this mechanism was pro-
posed for explaining the thermal decomposition behavior of 
iron citrate–PVP gel spheres, it can be generally applied to the 
thermal decomposition of other materials as well.

2.6.1. Thermal Decomposition of Metal Carbonates

Metal carbonates represent an important family of functional 
materials and minerals. They generally decompose on heating 
in air, generating the corresponding metal oxides and a signif-
icant amount of CO2 and/or CO. Due to the non-equilibrium 
heat-treatment-induced heterogeneous contraction, various 
hollow structures may be formed during the thermal decom-
position.[76,83] For example, Zhou et al. designed double-shelled 
CoMn2O4 hollow microboxes through the thermal decomposi-
tion of Co0.33Mn0.67CO3 microcubes (Figure 11), which were pre-
pared by a simple co-precipitation method.[76] Li and co-workers 
reported the synthesis of triple-shelled Mn2O3 hollow micro-
cubes through a programmed annealing treatment.[84] Qian and 

co-workers fabricated double-shelled Mn2O3 hollow spheres by 
combining KMnO4 oxidation, HCl etching, and thermal decom-
position of MnCO3.[85] By virtue of the facile synthesis proce-
dure (precipitation–thermal decomposition), rich composition, 
and easy morphological control, the thermal decomposition of 
metal carbonates represents a quite promising approach for the 
low cost and mass production of metal oxide MSHSs.

2.6.2. Thermal Decomposition of MOFs

MOFs, also known as coordination polymers and coordina-
tion networks, are a class of crystalline and porous materials 
consisting of metal ions/clusters and polydentate organic 
ligands. MOFs are very appealing precursors for the con-
struction of metal oxide hollow structures due to the virtually 
infinite combinations of metal ions and ligands, rich compo-
sitions, well-defined morphologies, and easy availability.[77,86,87] 
Upon calcination in air, the organic moieties of MOFs burn 
off, leaving behind the corresponding metal oxides. Due to 
the thermally induced matter relocation during calcination, 
hollow-structured metal oxides with well-defined morphologies 
can be obtained. Oh et al. first reported the synthesis of ZnO 
and Co3O4 multishelled hollow spheres by thermal decompo-
sition of zinc- and cobalt-ion-containing coordination polymer 
(metallo Schiff base) particles (Figure 12).[77] By employing a 
cation-exchange reaction before the thermal decomposition, 
hybrid metal oxide (CuO/ZnO, Co3O4/ZnO, CuO/Co3O4, and 
NiO/Co3O4) multishelled hollow spheres can be obtained. 
Wang and co-workers successfully applied this approach to the 
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Figure 11.  a) Schematic illustration for the fabrication of double-shelled CoMn2O4 hollow microcubes through thermal decomposition of Co0.33Mn0.67CO3 
microcubes. b–e) SEM (b,c) and TEM (d,e) images of double-shelled CoMn2O4 hollow microcubes. Reproduced with permission.[76]
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fabrication of multishelled CuO@NiO hollow spheres through 
heterogeneous thermal decomposition of Cu–Ni bimetallic 
organic frameworks.[88] Zheng and co-workers prepared Co3O4 
ball-in-dodecahedron hollow structures via annealing zeolitic 
imidazolate framework-67 (ZIF-67, Co(2-methylimidazole)2) in 
air.[89]

Despite the success in fabricating metal oxide MSHSs via 
thermally decomposing MOFs, simply annealing MOFs in 
air usually leads to single-shelled hollow structures rather 
than their multishelled counterparts.[90,91] To increase the 
structural complexity of the products, Lou and co-workers 
developed some novel strategies to convert MOFs into yolk–
shell particles.[92,93] With subsequent thermal decomposition 
in air or in an inert atmosphere, MSHSs can be formed. As 
the first example,[92] they converted the surface of ZIF-67 into 
Ni–Co layered double hydroxide (Ni–Co LDH) by dispersing 
ZIF-67 in a Ni(NO3)2 ethanol solution. Upon calcination of 
the as-obtained ZIF-67@Ni-Co LDH yolk–shell structures 
in air, Co3O4@NiCo2O4 double-shelled nanocages (DSNCs) 
are produced. The inner Co3O4 shell is obtained from the 
thermal decomposition of the ZIF-67 core, while the outer 
NiCo2O4 shell is derived from the Ni-Co LDH. As the second 
example,[93] the ZIF-67 rhombic dodecahedrons are con-
verted into ZIF-67@amorphous CoS yolk–shell structures by a 

solution sulfidation process. With subsequent annealing in N2, 
the ZIF-67 core is converted into Co-embedded carbon (Co–C), 
while the amorphous CoS shell is converted into Co9S8. As a 
result, Co–C@Co9S8 DSNCs are obtained. An intriguing feature 
of these DSNCs is that the inner and outer shells vary in com-
position. This unique feature endows the different shells with 
different functions, making the DSNCs multifunctional.

2.6.3. Thermal Decomposition of Metal Glycolate and 
Glycerate Spheres

Similar to MOFs, metal glycolates and glycerates also possess 
an organic moiety and inorganic metallic moiety. As a result, 
their thermal-decomposition behavior is quite similar to that 
of MOFs, and it is possible to form metal oxide MSHSs after 
thermal decomposition in air. Zhang et al. reported the syn-
thesis of ZnMn2O4 DSHSs by a facile two-step method, which 
involves the solution synthesis of ZnMn-glycolate hollow 
microspheres and subsequent thermal decomposition in air.[78] 
The competition between the contraction and adhesion forces 
drives the matter relocation and thus the shell separation. By 
using MnCo-glycolate spheres as the precursor, Xiong and co-
workers extended this method to the preparation of a series of 
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Figure 12.  Schematic illustration for the preparation of metal oxide (ZnO and Co3O4) and hybrid metal oxide (CuO/ZnO, Co3O4/ZnO, CuO/Co3O4, and 
NiO/Co3O4) multishell hollow spheres by thermal decomposition of coordination polymer particles (CPP). Reproduced with permission.[77]
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MnCo2O4 hollow spheres with multilevel interiors, including 
mesoporous spheres, SSHSs, yolk–shell spheres, DSHSs, and 
core-in-double-shell hollow spheres.[94] The structure modula-
tion is achieved by tuning the temperature-ramping rate during 
thermal decomposition, which affects the balance between the 
contraction and adhesion forces. This concept is not limited to 
metal glycolates. Starting from NiCo-glycerate solid spheres, 
highly uniform NiCo2O4 core-in-double-shell hollow spheres 
can be obtained after thermal decomposition.[79]

2.6.4. Thermal Decomposition of Metallic Species containing 
Carbonaceous Spheres

Carbonaceous spheres have long been employed as hard tem-
plates for the synthesis of hollow spheres.[95–97] The carbona-
ceous polysaccharide spheres are usually prepared from glucose 
under hydrothermal conditions; the resultant carbonaceous 
colloids are hydrophilic in nature and rich in –OH and CO 
functional groups.[98] In the pioneering studies,[95–97] the carbo-
naceous spheres were usually dispersed in low-concentration 
metal-salt solutions (0.05–0.5 M), and the metal ions mainly 
bind to the functional groups on the surface through coordina-
tion or electrostatic interactions. After calcination to remove the 
carbon, SSHSs are obtained as expected. The above process can 
be considered as true hard templating as the obtained SSHSs 
are negative replicas of the carbonaceous colloids.

Interestingly, quite different results can be obtained when 
the carbonaceous polysaccharide spheres are immersed in high-
concentration metal-salt solutions.[80,99] With a high concentra-
tion of metal salts, the metal ions not only absorb on the surface 
but also penetrate into the interior of carbonaceous spheres. The 
higher the concentration of metal salts is, the more the metal 
ions penetrate into the carbonaceous spheres.[99] When heated 

in air, the temperature gradient along the radial direction causes 
the first decomposition of the exterior surface and the formation 
of a rigid metal oxide shell. Further heating leads to the separa-
tion of the rigid metal oxide shell and inner core. The shell for-
mation–separation process can be repeated several times, and 
multishelled metal oxide hollow spheres can be generated even-
tually.[80] For example, multishelled α-Fe2O3 hollow structures 
can be prepared by metal-ion adsorption in high-concentration 
iron nitrate solution (2.0–5.0 M) followed by calcination in air.[80] 
The number of shells can be well controlled by altering the 
concentration of metal salts; single-, double-, triple-, and quad-
ruple-shelled α-Fe2O3 hollow spheres can be obtained at iron 
nitrate concentrations of 0.5, 2.0, 3.0, and 5.0 M, respectively.[80] 
This approach can be generally applied to the preparation of 
various metal oxide multishelled hollow spheres, including α-
Fe2O3,[80,100] NiO,[80] CuO,[80] ZnO,[101–104] Co3O4,[105] SnO2,[106] 
TiO2,[107] Mn2O3,[108,109] WO3,[110] V2O5,[111] and MFe2O4 (M = Zn, 
Co, Ni, Cd).[99] Besides the concentration of the metal-salt solu-
tion, the solvent type,[100,105] heating rate,[101] pH value,[105,108] 
and immersion period[107] also play significant roles in manipu-
lating the structural parameters of the metal oxide hollow struc-
tures, such as the number of shells, the shell thickness, and the 
intershell spacings (Figure 13a). For example, immersion of the 
carbonaceous spheres in 1.0 M [Co(H2O)6]2+ aqueous solution 
followed by calcination in air results in single-shelled Co3O4 
hollow spheres (Figure 13b).[105] Replacing half of the water with 
ethanol (ethanol:water = 1:1, v/v) decreases the number of coor-
dinated water molecules and improves the penetration capability 
of hydrated cobalt ions [Co(H2O)6−x]2+, producing double-shelled 
Co3O4 hollow spheres (Figure 13c). Further increasing the frac-
tion of ethanol and increasing the temperature of the solution 
generate triple-shelled Co3O4 hollow spheres (Figure 13d). 
Treating the carbonaceous spheres with HCl results in quad-
ruple-shelled Co3O4 hollow spheres (Figure 13e).
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Figure 13.  a) Schematic illustration for the formation of multishelled Co3O4 hollow spheres under different conditions. b–e) TEM images of single-
shelled (b), double-shelled (c), triple-shelled (d), and quadruple-shelled (e) Co3O4 hollow spheres. Reproduced with permission.[105]
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Dispersion of carbonaceous spheres in low-concentration 
metal-salt solution can also result in multishelled hollow 
spheres if precipitants (such as urea) are introduced in the solu-
tion. For example, Xu and co-workers reported the synthesis of 
various metal oxide hollow spheres with uniform size by con-
trolled precipitation of metal cations on carbonaceous spheres 
followed by calcination.[112] Although low-concentration ferric 
chloride and nickel nitrate are used in the synthesis, the Fe2O3 
and NiO obtained exhibit a double-shelled hollow spherical 
structure. This route is dependent on the controlled precipita-
tion induced by the hydroxyl anions slowly released from the 
decomposition of urea. Cao and co-workers reported the fab-
rication of carbonaceous sphere@Co2CO3(OH)2 core–shell 
composites via a similar controlled precipitation approach and 
multishelled Co3O4 hollow spheres can be obtained after sub-
sequent calcination.[113] By repeating the controlled precipita-
tion process, Zhang and co-workers reported the fabrication of 
single-, double-, and triple-shelled NiO hollow spheres.[114]

Recently, Zhang and Lou developed a general “penetra-
tion–solidification—annealing” strategy for the fabrication of 
multishelled ternary metal oxide hollow spheres, including 
CoMn2O4, Co1.5Mn1.5O4, MnCo2O4, ZnMn2O4, ZnCo2O4, and 
NiCo2O4.[115] In this approach, the carbonaceous polysaccha-
ride spheres are first dispersed in an ethylene glycol solution 
of metal acetate precursors. To realize the deep “penetration” 
of metal ions into the carbonaceous spheres, the reaction solu-
tion is heated up to 120 °C with stirring for 12 h. The refluxing 
of the dispersion at 170 °C for 2 h generates metal glycolate–
carbonaceous composite spheres (“solidification”). With subse-
quent thermal annealing in air, multishelled hollow spheres are 
obtained. With a similar strategy, Hu and co-workers success-
fully prepared multishelled α-Fe2O3 hollow spheres.[116]

Although effective, the above-mentioned strategies for fab-
ricating single- and multishelled hollow spheres from carbo-
naceous spheres require multiple steps. In general, these pro-
cesses involve the preparation of carbonaceous colloids via a 
hydrothermal treatment, isolation and purification of the carbo-
naceous colloids, metal-ion adsorption, penetration, or precipi-
tation, and finally carbon removal via calcination. To simplify 
the synthetic process, Thomas and co-workers directly prepared 
metal-ion-incorporated carbonaceous spheres via a simple one-
pot hydrothermal treatment, during which the “polymerization” 
of carbohydrate and adsorption of metal ions occur simultane-
ously.[117] Upon calcination in air, various metal oxide hollow 
spheres, such as Fe2O3, NiO, Co3O4, CeO2, MgO, and CuO, 
can be obtained. However, these hollow spheres are generally 
single-shelled. Yang, Cao, and co-workers applied this strategy 
to synthesize multishelled SnO2 hollow spheres by hydrother-
mally treating SnCl4·5H2O and sucrose followed by calcina-
tion.[118] Wu, Lu, and Wang further extended this approach 
to the preparation of double-shelled TiO2 hollow spheres.[119] 
Based on a similar approach, MFe2O4 (M = Co, Ni, Cd),[120] 
Cr2O3,[121] ZnO[122] and La0.9Sr0.1CoO3

[123] multishelled hollow 
spheres have also been prepared. Tang and co-workers con-
structed multishelled CeO2 hollow spheres via hydrothermally 
treating cerium chloride, urea, and glucose with subsequent 
annealing.[124] Zou and co-workers reported a family of multi-
shelled hollow spheres via hydrothermal treating metal gluco-
nate followed by heating in air.[125] These metal oxides include, 

but are not limited to Co3O4, CuO, Fe2O3, In2O3, PrO1.83, and 
ZnO.

It should be pointed out that the preparation of multishelled 
hollow spheres from metallic species containing carbonaceous 
spheres are usually categorized as hard-templating method 
in the literature.[9,16,19] However, the as-obtained multishelled 
hollow spheres are not truly negative replicas of the “tem-
plates”. Instead, the non-equilibrium heat-treatment-induced 
heterogeneous contraction plays a significant role in the for-
mation of multishelled hollow spheres. Considering the above-
mentioned facts, herein, we classify this process as thermally 
induced matter relocation rather than hard templating.

2.6.5. Spray-Drying-Assisted Synthesis

Despite the rapid developments of synthetic technologies in 
the last few decades, the versatile, economic, and mass pro-
duction of MSHSs remains a great challenge. Spray-drying 
is a widely employed technique in chemical, pharmaceutical, 
and food industries for producing dry powders from a solu-
tion, dispersion or slurry depending on droplet-to-particle pro-
cesses.[126,127] It provides a unique opportunity for the rapid, 
continuous, cost-effective, reproducible, and scalable produc-
tion of fine particles, especially those with spherical shape. The 
spray-drying process generally consists of three fundamental 
steps: i) atomization of the fluid into fine droplets, ii) solvent 
evaporation and formation of dry particles, and iii) separation 
and collection of dry particles from the drying gas. Depending 
on the operating conditions, either solid or hollow particles 
can be produced.[128]

Although the preparation of hollow spheres by spray 
drying has been demonstrated for a long time, the syn-
thesis of multishelled hollow spheres was not realized until 
recently. Recently, Zhou et al. developed a facile method for 
the low-cost and scalable production of α-Fe2O3 multishelled 
hollow spheres by simply spray-drying an aqueous solu-
tion of iron nitrate and sucrose with subsequent annealing 
in air (Figure 14a–c).[82] The spray-drying process produces 
iron nitrate–sucrose composite microspheres, in which the 
iron nitrate is uniformly distributed in the sucrose matrix. 
With subsequent annealing in air, the sucrose is burnt off 
and the iron nitrate is decomposed into α-Fe2O3. Due to the 
non-equilibrium heat-treatment-induced heterogeneous con-
traction, α-Fe2O3 multishelled hollow spheres are obtained 
(Figure 14d). In agreement with the non-equilibrium heat-
treatment-induced heterogeneous contraction mechanism, 
the number of shells can be generally controlled by the 
temperature-ramping rate during annealing in air; a high 
ramping rate leads to more shells, while a low ramping rate 
results in fewer shells. More importantly, this method (“spray-
drying-then-annealing”) is quite versatile. The sucrose matrix 
can be replaced with other organic species such as glucose, 
oxalic acid, citric acid, poly(vinyl alcohol) (PVA), PVP, and 
poly(ethylene glycol) (PEG), while the iron nitrate can be sub-
stituted with other metal salts as well.[129] As a result, a wide 
variety of TMO multishelled hollow spheres, such as α-Fe2O3, 
Cr2O3, V2O5, ZnFe2O4, and iron-titanium oxide (Fe-Ti-O), can 
be produced with this novel method.[129]

Adv. Mater. 2017, 1602914
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Although α-Fe2O3 multishelled hollow spheres can be easily 
produced via spray-drying of iron nitrate and sucrose followed 
by annealing in air, some problems associated with the utili-
zation of iron nitrate still exist. First, iron nitrate is a strong 
oxidant, the spray-drying of which may cause unacceptable 
safety hazards. Second, iron nitrate is highly hygroscopic. Due 
to its hygroscopicity, well-defined α-Fe2O3 multishelled hollow 
spheres can only be obtained in a relatively narrow sucrose/iron 
nitrate range (from 0.75 to 1.0). Third, the decomposition of 
iron nitrate generates highly toxic gases such as NOx. To over-
come these problems, Padashbarmchi et al. screened a variety 
of iron-containing precursors and found that iron (III) citrate 
is an ideal precursor to replace iron nitrate in spray-drying.[130] 
This modification in precursor, although it seems simple, can 
effectively eliminate the above-mentioned problems, making 
the mass production of α-Fe2O3 multishelled hollow spheres 
more viable.

The hygroscopicity of metal precursors and the carameli-
zation of organic species during the spray-drying process 
represent two detrimental factors for spray-drying. Both 
issues can be circumvented by the judicious selection of 
metal-salt precursors and organic matrixes.[82,130] Based on 
the “spray-drying-then-annealing” strategy, Choi and Kang 
reported the mass production of SnO2 yolk–shell struc-
tures using dextrin as the organic matrix and tin oxalate as 

the metal precursor.[131] The utilization of 
dextrin as the organic matrix enables the 
production of dry precursor particles (tin 
oxalate–dextrin composite microspheres) 
with low hygroscopicity under high 
humidity. By a similar approach, ZnFe2O4 
multishelled hollow spheres have been fab-
ricated by the same group through spray-
drying zinc nitrate, iron nitrate, and dextrin 
with subsequent annealing in air.[132] By 
applying a gas-phase sulfidation process to 
the ZnFe2O4 multishelled hollow spheres, 
Zn–Fe–S multishell hollow spheres con-
sisting of sphalerite ZnxFe1−x S solid solu-
tion and hexagonal FeS can be obtained.[133] 
Lee, Kang, and co-workers prepared 
multishelled Co3O4 hollow spheres with 
4–6 shells by spray-drying an aqueous 
solution of cobalt nitrate, citric acid, and 
ethylene glycol followed by calcination in 
air.[134] The esterification reaction between 
the citric acid and the ethylene glycol 
during the spray-drying plays a significant 
role in producing dense, spherical, and 
non-aggregated precursor particles with 
low hygroscopicity, which is essential for 
the subsequent formation of well-defined 
multishelled Co3O4 hollow spheres. With 
the introduction of palladium nitrate into 
the precursor solution, Pd-loaded quin-
tuple-shelled Co3O4 hollow spheres can be 
successfully obtained.[135]

Although suitable for mass production, 
the spray-drying process usually generates 

polydisperse spherical particles. The preparation of monodis-
perse hollow spheres by spray drying remains a great challenge. 
Recently, Selomulya, Zhao, and co-workers reported the fabri-
cation of monodisperse, ordered mesoporous-carbon hollow 
microspheres with a size of approximately 61.0 µm by a unique 
microfluidic jet-spray-drying technology.[136] It can be expected 
that large, monodisperse multishelled hollow spheres may be 
obtained by coupling the microfluidic jet spray drying and ther-
mally induced mass relocation.

2.6.6. Spray Pyrolysis

Spray pyrolysis is a technology similar to spray-drying. Despite 
their great similarity in operating principles, substantial differ-
ences still exist. First, the operating temperature of the spray-
pyrolysis process (>600 °C) is significantly higher than that of 
spray-drying (<300 °C).[131] Due to the high operating tempera-
ture, an additional thermal-decomposition process may occur 
after drying of the droplets in spray pyrolysis. Second, the 
production efficiency of the spray-pyrolysis process is tens of 
times lower than that of similar-scale spray-drying.[135]

In 2007, Sun and co-workers prepared hollow spherical NiO 
with a yolk–shell structure by ultrasonic spray pyrolysis.[137] 
However, this specific structure did not attract much attention at 
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Figure 14.  a–d) Digital photograph (a), SEM image (b), TEM image (c), and schematic formation 
mechanism (d) of α-Fe2O3 multishelled hollow spheres. Reproduced with permission.[82] 
Copyright 2013, Royal Society of Chemistry.
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that time. Recently, Kang and co-workers reported the synthesis 
of yolk-in-double-shell-structured SnO2 by the spray-pyrolysis 
method using tin oxalate and sucrose as precursors.[138] This 
facile and powerful strategy was soon extended to the fabrication 
of other binary oxides (such as Co3O4, Fe2O3, V2O5, WO3, NiO, 
and MoO3),[139–144] ternary oxides (such as LiMn2O4, CoMn2O4, 
ZnCo2O4, LiV3O8, Li4Ti5O12, and NiCo2O4,),[145–150] quaternary 
oxides (LiNi0.5Mn1.5O4),[151] metal-oxide–metal-oxide compos-
ites (such as CuO–Fe2O3, In2O3–NiO, Zn–Mn–O, Ti–Al–Zr–
Ce–Y–O, Co–Cu–Fe–Mn–Mo–Ni–Zn–Cr–W–V–O),[152–156] and 
noble-metal–metal-oxide composites (Pd–SnO2),[157] with yolk–
shell, yolk-in-multishell, or multishelled hollow structures. The 
number of shells can be easily manipulated by adjusting the 
synthetic parameters such as the pyrolysis temperature.[140,150] 
In addition, the obtained metal oxide multishelled hollow 
spheres can be effectively converted into the corresponding 
metal sulfide with a similar structure by employing a sulfidation 
process. As a proof-of-concept, SnS,[158] Co9S8,[159] MoS2,[160] and 
SnS–MoS2

[161] multishelled hollow spheres have been prepared.
Table 1 summarizes some typical MSHSs, including their 

composition, geometry, and synthetic method. It should be 
pointed out that, with the rapid development of nanotech-
nology, some novel synthetic approaches have been developed 
to prepare specific MSHSs, while these approaches are not 
included in the above-mentioned six categories. For example, 
Lou and co-workers developed a template-engaged redox 
etching approach to prepare double-walled Fe(OH)x hollow 
cages;[162] González et al. designed polymetallic hollow 
nanoparticles with high complexity, such as double-walled 
nanocages, by sequential galvanic exchange and Kirkendall 
growth.[75]

3. Synthetic Strategies for Beyond Multishelled 
Hollow Structures

As mentioned in Section 2, the MSHS can be considered to 
be an assembly of single-shelled hollow structures in a con-
centric or eccentric way. Besides MSHSs, there are a wide 
variety of intricate hollow structures. For example, SSHSs can 
further assemble into secondary spheres, hollow spheres, and 
fibers, forming bubble-within-bubble, bubble-within-sphere, 
and bubble-within-fiber structures, respectively. Apart from 
SSHSs, yolk–shell spheres and nanotubes can also be used 
as the building blocks for constructing higher level hollow 
structures, such as pomegranate-like structure. The bubble-
within-bubble, bubble-within-sphere and pomegranate-like 
structures possess the advantages of not only hollow/yolk–
shell nanospheres, but also micrometer-sized assemblies. As 
a result, these intricate hollow structures are more advanta-
geous than the primary hollow and yolk–shell nanospheres 
in energy storage and conversion applications. These novel 
intricate hollow structures will be reviewed in this section.

3.1. Bubble-Within-Bubble and Bubble-Within-Sphere Structures

Yec and Zeng reported a surface-catalyzed dual-templating 
process for the synthesis of manganese silicate 

nanobubble-constructed hollow microspheres, the so-called 
bubble-within-bubble structure (Figure 15a–c).[167] The primary 
nanobubbles have a size of 7–9 nm, while the secondary hollow 
spheres have a much larger size of ≈270 nm. The synthesis of 
the manganese silicate bubble-within-bubble structure involves 
the hydrothermal treatment of Stöber SiO2 spheres in the pres-
ence of manganese acetate. It is proposed that the Mn(II) serves 
as the catalysts for the decomposition of carboxylate anions; the 
gases generated in situ (such as CO2) from the decomposition 
of carboxylate anions act as the soft template directing the for-
mation of the manganese silicate nanobubbles; meanwhile, the 
Stöber SiO2 beads function as the hard template directing the 
assembly of the tiny nanobubbles into hollow microbubbles.[167] 
A wide variety of foreign metal ions (such as Fe, Co, Ni, Cu, 
Y, La, Ce, Nd, Eu, Gd, Er, and Yb) can be introduced into the 
manganese silicate by mixing foreign metal salts with the man-
ganese acetate during the hydrothermal synthesis.[167] In order 
to pursue multifunctionality or a synergistic effect between the 
different components, various functional cores including metal 
nanoparticles (Au, Ag, Pt, Ni, Co, and Au–Pd alloy), metal oxide 
nanoparticles (MoO2 and Fe3O4), carbon nanotubes (CNTs), 
and their combinations can be encapsulated into the hollow 
cavities of the secondary particles.[168]

Cho et al. reported the fabrication of Fe2O3 microspheres 
composed of hollow nanospheres (Figure 15d–f), the so-called 
bubble-within-sphere structure, by a three-step process.[169] 
In the first step, FeOx–carbon composite microspheres are 
prepared by directly spray pyrolysis of a precursor solution 
containing iron nitrate and sucrose. The FeOx–carbon micro-
spheres are then reduced to Fe–carbon by annealing in H2/Ar 
at 500 °C. Lastly, the Fe–carbon composite spheres are trans-
formed into bubble-within-sphere-structured Fe2O3 by reoxi-
dation, during which nanoscale Kirkendall diffusion plays a 
vital role. Using a similar approach, NiO hollow microspheres 
constructed from hollow nanospheres (bubble-within-bubble 
structure) are fabricated starting from nickel nitrate and 
PVP.[170]

3.2. Bubble-Within-Fiber Structure

Cho et al. reported the fabrication of bubble-within-fiber-struc-
tured Fe2O3–C composite nanofibers (Figure 16a), which were 
composed of Fe2O3 nanobubbles uniformly distributed in an 
amorphous carbon-fiber matrix, by combining the Kirkendall 
effect with the electrospinning method.[171] The synthesis 
process involves three main steps: i) the synthesis of iron acet-
ylacetonate–polyacrylonitrile (Fe(acac)3–PAN) composite fibers 
by electrospinning; ii) the reduction of Fe(III) to metallic Fe 
nanocrystals and the carbonization of organic species; and  
iii) the reoxidation of metallic Fe nanocrystals to Fe2O3 under 
air. Due to the fast outward diffusion of Fe3+ and slow inward 
diffusion of O2− during annealing in air (the Kirkendall effect), 
the metallic Fe nanocrystals are transformed into Fe2O3 nano-
bubbles. This simple synthetic strategy can be generally  
applied to the fabrication of bubble-within-fiber-structured 
metal oxide nanofibers and metal-oxide–carbon composite 
nanofibers. For example, bubble-within-bubble-structured 
nanofibers composed of Sn@void@SnO/SnO2 yolk–shell 
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nanospheres,[172] hollow SnO/SnO2 nanospheres,[172] hollow 
SnO2 nanospheres,[172] hollow NiO nanospheres,[173] and 
hollow CoFe2O4@onion-like graphitic carbon nanospheres[174] 
have been prepared by using a similar approach.

3.3. Pomegranate-Like Structure

Cui and co-workers developed a bottom-up microemulsion 
approach for the fabrication of silicon-based pomegranate-like 
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Table 1.  Summary of typical multishell hollow structures.

Year Composition Structure Methodology Refs.

1998 SiO2 Vesicles Soft templating [44]

2005 TiO2, Fe3O4, polyaniline DSHSs Hard templating [37,38]

2007 SnO2 Double-shelled hollow structures Hard templating [34,36]

2007 Fe2O3, NiO DSHSs Thermally induced matter relocation [112]

2007 Cu2O MSHSs Soft-templating [49]

2007 SnO2 MSHSs Thermally induced matter relocation [118]

2007 Cu2O MSHSs Intermediate-templating assembly [163]

2008 Organosilica Vesicles Soft templating [46]

2009 V2O5 DSHSs Ostwald ripening [164]

2010 C Vesicles Soft templating [47]

2010 Fe2O3 MSHSs Thermally induced matter relocation [81]

2010 PMMA, SiO2 DSHSs, core-in-double-shell hollow 

spheres

Hard templating [28]

2010 Co3O4 MSHSs Soft templating [51]

2010 Fe(OH)x Double-walled hollow cages Template-engaged redox etching [162]

2010 TiO2 MSHSs Thermally induced matter relocation [22]

2011 ZnO, Co3O4 MSHSs Thermally induced matter relocation [77]

2011 Metals Double-walled hollow cages Sequential galvanic exchange and Kirken-

dall growth

[75]

2011–2016 Fe2O3, ZnO, Co3O4, SnO2, TiO2, 

Mn2O3, WO3, V2O5

MSHSs Thermally induced matter relocation [80,100,101,105–108,110,111]

2011 SiO2 MSHSs Selective etching of “soft@hard” particles [58]

2011 TiO2 DSHSs Thermally induced mass relocation [119]

2011 Cu2O MSHSs Ostwald ripening [70]

2012 Cu2S MSHSs Ion exchange [72]

2012 Cu2O MSHSs Ostwald ripening [71]

2012 CoMn2O4 Double-shelled hollow cubes Thermally induced mass relocation [76]

2012–2015 MMn2O4, MCo2O4, Co1.5Mn1.5O4 MSHSs Thermally induced mass relocation [78,79,94,115]

2012 C DSHSs Hard templating [39]

2013 SnO2 MSHSs Thermally induced mass relocation [138]

2013 PB Double-shelled hollow cages Selective etching of “soft@hard” particles [67]

2013 Co3O4, CuO, Fe2O3, In2O3, PrO1.83, 

ZnO

MSHSs Thermally induced mass relocation [125]

2013 CoSn(OH)6 Multishelled hollow cages Selective etching of “soft@hard” particles [63]

2013 Fe(OH)3 Multishelled hollow boxes Template engaged reactions [87]

2013 Fe2O3 MSHSs Thermally induced mass relocation [82]

2014 MS Box-in-box hollow structures Template-engaged method [165]

2014–2015 Co3O4, CuO@NiO Multishelled hollow structures Thermally induced mass relocation [88,89]

2015–2016 Co3O4@NiCo2O4, Co–C@Co9S8, 

Co(OH)2@LDH

Double-shelled hollow cages Thermally induced mass relocation [92,93,166]

2015 TiO2, TiO2/SiO2 MSHSs Hard templating [25–27]

2015 NiCo2S4 DSHSs Ion exchange [73]

2015 PMO MSHSs Selective etching of “soft@hard” particles [59]

2015 C MSHSs Hard templating [32]
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microspheres with sizes of 0.5–10 µm (Figure 16b).[175] The 
micrometer-sized secondary spheres are composed of sub-
micrometer-sized Si@void@carbon primary nanoparticles. 
Each individual silicon nanoparticle is well encapsulated by a 
carbon shell with a void in between. The synthesis of such a 
unique pomegranate-like structure involves four fundamental 
steps: i) synthesis of Si@SiO2 primary particles using the 
Stöber method; ii) assembly of the Si@SiO2 nanoparticles into 
microspheres using a microemulsion approach; iii) carbon 
coating, and iv) SiO2 sacrificial layer etching. To avoid the uti-
lization of highly toxic hydrofluoric acid (HF), an alternative 
approach has been developed by Dou, Liu and co-workers to 

prepare silicon-based microspheres with a 
similar pomegranate-like structure.[178] In 
this approach, the silicon nanoparticles are 
first encapsulated in CaCO3 by a co-precipi-
tation reaction to obtain Si@CaCO3 micro-
spheres. The CaCO3 is then decomposed into 
CaO under thermal treatment and coated 
with a carbon shell by a chemical vapor 
deposition (CVD) process. Finally, the CaO 
is etched off with dilute HCl, leaving behind 
Si@void@C pomegranate-like microspheres.

3.4. Nanotube-Constructed Hollow Spheres

The above-mentioned bubble-within-bubble, 
bubble-within-sphere, bubble-within-fiber, 
and pomegranate-like structures are built 
up with 0D hollow or yolk–shell nano-
spheres. The 1D nanotubes can be used 
as the building blocks to construct hollow 
structures with higher complexity as well. 
Wang et al. have reported the fabrication of 
copper silicate hollow spheres constructed 
from nanotubes (Figure 16c) via a simple 

one-pot hydrothermal method by using Stöber SiO2 spheres as 
the templates.[179] The primary nanotubes are ultrafine in diam-
eter; their average outer and inner diameters are around 8 and 
3.5 nm, respectively. The scrolling of layer-structured copper sili-
cate at an elevated temperature and pressure are responsible for 
the formation of the primary nanotubes. Sheng and Zeng devel-
oped a general complex-assisted ion-exchange method to dope 
the copper silicate nanotube-constructed hollow spheres with 
various 3d transition metals (M = Mn, Fe, Co, Ni, and Zn).[180] 
Up to 80% of the Cu2+ in the octahedral sites of copper silicate 
can be replaced with dopant metal ions with the original nano-
tube structure unaffected. Zhang et al. extended this method to 

the fabrication of other transition metal sili-
cate (such as cobalt silicate and manganese 
silicate) hollow spheres constructed from 1D 
nanotube building blocks.[181] Tang, Mai, and 
co-workers introduced graphene oxide during 
the hydrothermal synthesis of copper silicate 
hollow spheres and obtained a copper-sili-
cate-hollow-sphere–reduced-graphene-oxide 
composite.[182] The introduction of graphene 
oxide affects neither the overall hollow spher-
ical morphology nor the primary tubular 
structure of the copper silicate.

3.5. Tube-in-Tube and Wire-in-Tube Structures

The 1D tube-in-tube and wire-in-tube 
structures can be regarded as analogs of 
the 0D MSHS and yolk–shell structures, 
respectively.[3] Such 1D tube-in-tube and 
wire-in-tube structures have efficient charge-
transfer pathways, which is essential for 
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Figure 16.  a–h) Schematic illustrations of bubble-within-fiber structured Fe2O3–C (a), pome-
granate-like microspheres (b), nanotube-constructed hollow spheres (c), tube-in-tube structure 
(d), wire-in-tube structure (e), semihollow scroll (f), double-yolk egg structure (g), and carbon-
coated α-Fe2O3 hollow nanohorns on CNT (h). a) Reproduced with permission.[171] Copyright 
2015, American Chemical Society. b) Reproduced with permission.[175] Copyright 2014, Nature 
Publishing Group. f) Reproduced with permission.[176] Copyright 2013, American Chemical 
Society. h) Reproduced with permission.[177] Copyright 2012, Royal Society of Chemistry.

Figure 15.  a) Schematic illustration of the bubble-within-bubble structure. b,c) TEM images of 
the bubble-within-bubble structured manganese silicate. a–c) Reproduced with permission.[167] 
Copyright 2014, American Chemical Society. d) Schematic illustration of the bubble-within-
sphere structure. e,f) TEM images of the bubble-within-sphere structured Fe2O3. Reproduced 
with permission.[169] Copyright 2015, Royal Society of Chemistry.
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energy storage and conversion applications. Although diverse 
0D MSHSs and yolk–shell structures have been reported, 
reports on 1D tube-in-tube and wire-in-tube structures are 
relatively rare. Despite this fact, some 1D tube-in-tube and 
wire-in-tube nanostructures have successfully been created by 
ingenious strategies.

Guan and co-workers demonstrated the fabrication of 
maghemite (γ-Fe2O3) tube-in-tube (Figure 16d) and wire-in-
tube (Figure 16e) nanostructures based on single-spinneret 
electrospinning and non-equilibrium heat treatment.[183] Pre-
cursor fibers composed of PVP and iron citrate are prepared 
by an electrospinning technique. The electrospun gel fibers 
are then thermally treated. By adjusting the heating rate, the 
temperature gradient (∆T) along the radial direction of the 
precursor fibers can be tuned, and thus the contract direc-
tion of the precursor fibers can be controlled. As a result, 
the structure of the final products can be tuned from solid 
nanofibers to hollow nanofibers, wire-in-tube nanostructures, 
and tube-in-tube nanostructures through adjusting the heating 
rate. This method can be generally applied to the fabrication 
of other metal oxide tube-in-tube and wire-in-tube 1D nano-
structures.[184–188] For example, Xu and co-workers extended 
this method to the fabrication of tube-in-tube-structured TiO2 
nanofibers using tetra-n-butyl titanate (Ti(OC4H9)4) and PVP 
as the starting materials.[184] The Ti(OC4H9)4 concentration and 
pinhole diameter of the jet head play a significant role as to the 
morphology and structure of the final products. Solid, hollow, 
and tube-in-tube-structured TiO2 nanofibers can be obtained at 
high, middle, and low concentrations of Ti(OC4H9)4, respec-
tively. ZrO2, SiO2, SnO2, and In2O3 tube-in-tube-structured 
nanofibers can also be constructed by simply changing the 
precursors.[184]

Chen, Ramakrishna, and co-workers developed a modified 
electrospinning method for the fabrication of ternary TMO 
tube-in-tube nanostructures, including CoMn2O4, NiCo2O4, 
CoFe2O4, NiMn2O4, and ZnMn2O4.[185] In this approach, two 
types of polymers, PAN and PVP, are employed in electrospin-
ning. Due to the strong interactions between the PVP and the 
metal ions as well as the incompatibility between the PVP and 
the PAN, the PAN, PVP, and metal precursor undergo phase 
separation during the electrospinning process. The resultant 
electrospun nanofibers possess a unique core–shell configura-
tion with a PAN-rich core and PVP/metal-ion-rich shell. The 
subsequent non-equilibrium heat treatment leads to the forma-
tion of tube-in-tube nanofibers.

Lou, Xie, and co-workers developed an alternative method 
for the general synthesis of metal oxide tube-in-tube nano-
structures, including ternary CuCo2O4, ZnCo2O4, CoMn2O4, 
ZnMn2O4, MnCo2O4, and NiCo2O4, and binary Mn2O3, 
Co3O4, NiO, and Fe2O3.[189] Carbon nanofibers (CNFs) with 
abundant functional groups on the surface are used as the 
templates. In the first step, a metal glycolate layer is coated 
on the CNF surface to form a CNF@metal glycolate core–
shell structure through a facile polyol method. The func-
tional groups on the CNF surface ensure the successful 
coating. In the second step, the CNF@metal glycolate hybrid 
structure is annealed in air. The non-equilibrium heat treat-
ment induces the formation of the complex tube-in-tube 
structures.

3.6. Semihollow Scroll

Mai and co-workers demonstrated an “oriented assembly” and 
“self-scroll” mechanism for the construction of semihollow 
bicontinuous graphene scrolls using V3O7 and MnO2 nano
wires as the templates (Figure 16f).[176] The rapid growth of 
template nanowires, the oriented assembly of graphene sheets 
on the surface of the template nanowires, and the self-scroll 
of graphene ribbons are responsible for the formation of such 
unique nanostructure. These nanowire-templated graphene 
scrolls with free space between the nanowire and scroll can pro-
vide continuous diffusion pathways for both electrons and ions.

3.7. Multi-Yolk Egg Structure

Multi-yolk egg structures are commonly observed in nature, 
e.g., volvox algae.[190] Inspired by opening of soft drink cans, 
Wang et al. developed a bubble-mediated approach for the fabri-
cation of ZnO hollow spheres with a double-yolk egg structure 
(Figure 16g). The ZnO double-yolk eggs are obtained by solvo-
thermal reaction of zinc acetate dihydrate in ethanolamine with 
constant gas flow in and out of the autoclave. With a modified 
approach, ZnO hollow spheres with triple-yolk egg structure 
can also be obtained.[191] When coupled with two ion-exchange 
steps (S2− ion-exchange and Cd2+ ion-exchange), ZnO/CdS 
composite hollow spheres with triple-yolk egg structure can be 
obtained.

3.8. Hollow Nanohorns on CNT

Lou and co-workers reported a novel hierarchical nanostruc-
ture with carbon-coated α-Fe2O3 hollow nanohorns grafted 
on CNT backbones (Figure 16h).[177]β-FeOOH nanospindles 
are first grafted onto hydrophilic CNTs by forced hydrolysis of 
FeCl3. The β-FeOOH nanospindles are then converted into α-
Fe2O3 hollow nanohorns by thermal treatment. Lastly, an amor-
phous carbon layer is coated on the surface of the hierarchical 
CNT@Fe2O3 by hydrothermal carbonization of glucose.

4. Applications in Energy Storage and Conversion

4.1. Lithium-Ion Batteries

LIBs are well-known energy-storage devices.[192–194] A typical 
LIB is composed of three indispensable components: a cathode, 
an anode, and an ionically conductive electrolyte. During 
charge and discharge, the lithium ions shuttle between the 
cathode and anode. Owing to the high energy density, light 
weight, no memory effect, small self-discharge, and environ-
mental friendliness, LIBs have monopolized the power sup-
plies for portable electronics. They have also been recognized 
as the power source of choice for upcoming electric vehicles, 
hybrid electric vehicles, and plug-in hybrid electric vehicles. 
These newly emerging applications have placed ever-increasing 
demands on the energy density of LIBs, which cannot be 
met by the existing LIB technology based on a lithium metal 
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oxide (LiMO2 and LiMn2O4)/lithium iron phosphate (LiFePO4) 
cathode and a graphite/lithium titanium oxide (Li4Ti5O12) 
anode. Further breakthroughs can be expected from the devel-
opment of advanced new electrode materials and structures.

Hollow structures provide a great opportunity to boost the 
lithium-storage performance of electrode materials in terms of 
specific capacity, cycling stability, and rate capability.[2,12,16,18] 
First, the hollow structure is often associated with a high sur-
face area, which may provide extra active sites for lithium 
storage. Second, the hollow cavity is able to provide free space 
for strain relaxation and volume-change accommodation of 
the electrode materials during repeated lithium intercalation– 
deintercalation. As a result, the pulverization of active materials 
can be alleviated and the cycling performance can be significantly 
improved. Third, the thin and permeable shells of the hollow 
structures can provide reduced diffusion distances for both 
lithium ions and electrons, leading to enhanced rate capability.

TMOs based on the conversion-reaction mechanism pos-
sess high specific capacities 2–3 times those of graphite.[195,196] 
However, they suffer from large volume expansion during 
lithiation, which causes pulverization of the active materials 
and rapid capacity decay during cycling. Constructing TMO 
intricate hollow structures can effectively address the volume-
expansion-associated issues. Ma, Yao, and co-workers per-
formed a comparative study on the lithium-storage perfor-
mance of Co3O4 SSHSs, DSHSs, and TSHSs constructed from 
nanosheets.[51] The Co3O4 DSHSs exhibit the best cycling per-
formance among the three samples. Even after 50 cycles at 
0.2C, a high capacity of 866 mA h g−1 can be retained, close 
to the theoretical capacity of Co3O4 (890 mA h g−1). The best 
cycling performance of the Co3O4 DSHSs can be ascribed to 
the optimized void space for volume-expansion accommoda-
tion during lithium uptake. Wang et al. studied the lithium-
storage performances of Co3O4 SSHSs, DSHSs, TSHSs, and 
quadruple-shelled hollow spheres (QSHSs) “templated from” 
carbonaceous microspheres.[105] Among the four samples, 
the TSHSs show the highest specific capacity and the best 
cycling performance. Interestingly, the Co3O4 TSHSs deliver 
an extremely high reversible capacity of ≈1620 mA h g−1 
after 30 cycles at 50 mA g−1, which is much higher than its 
theoretical capacity. The extra capacity is attributed to the 
formation of a solid electrolyte interphase (SEI) film which 
stores lithium reversibly and the interfacial lithium-storage 
mechanism.

Iron oxides have also received much attention as conversion-
reaction-based LIB anode materials due to their high theo-
retical capacity, high abundance, low cost, and nontoxicity.[197] 
Wang and co-workers reported the synthesis of α-Fe2O3 
hollow spheres with controlled shell thickness, shell number, 
and porosity using carbonaceous spheres as the “hard tem-
plates”.[100] The porous α-Fe2O3 hollow spheres with thin 
shells outperform those with thick shells in terms of specific 
capacity and cycling stability. At a current density of 50 mA g−1, 
the single-, double-, and triple-shelled α-Fe2O3 hollow spheres 
with thin shells deliver stable capacities of ≈1500, 1600, and 
1700 mA h g−1, respectively. As in the case of Co3O4 multi-
shelled hollow spheres, the reversible capacity for α-Fe2O3 
multishelled hollow spheres is also observed to be significantly 
higher than the theoretical capacity (1007 mA h g−1). Enhanced 

lithium-storage performances have also been reported for intri-
cate hollow-structured TMOs with other compositions, such as 
SnO2,[138] TiO2,[107] MMn2O4 (M = Zn, Co),[76,78] and MCo2O4 
(M = Zn, Ni, Mn).[79,94,189] These studies clearly verify the 
advantages of intricate hollow structures in boosting the lith-
ium-storage performances of TMO-based anode materials.

Compared with anode materials, reports on intricate 
hollow-structured cathode materials are relatively rare. Xue 
and co-workers fabricated V2O5–SnO2 double-shelled capsules 
(Figure 17) in which the SnO2 nanocrystals with a weight per-
centage of 10 or 15 wt% were homogeneously distributed in a 
V2O5 matrix.[164] Interestingly, the V2O5–SnO2 double-shelled 
capsules can act as both the cathode and anode materials for 
LIBs. As the anode material for LIBs (0.01–3.0 V), the V2O5–
SnO2 double-shelled capsules deliver a reversible capacity of 
947 mA h g−1 at 250 mA g−1, remaining at 673 mA h g−1 after 
50 cycles. As the cathode material for LIBs (2.0–3.0 V), the com-
posite capsules deliver a reversible capacity of 212 mA h g−1 at 
100 mA g−1, maintaining at 174 mA h g−1 after 50 cycles.

LiMn2O4 spinel is one of the most promising cathode mate-
rials for LIBs due to its low cost, the resources of Mn, its low tox-
icity, high safety, and 3D channels for rapid lithium-ion diffusion. 
Xie and co-workers prepared LiMn2O4 DSHSs using MnCO3 as 
the precursor.[198] The LiMn2O4 DSHSs deliver a specific capacity 
of 127 mA h g−1 at 0.1C (1C = 120 mA h g−1 for LiMn2O4) and 
a high capacity retention of 80% after 800 cycles at 5C. LiMn2O4 
multishelled hollow spheres with superior electrochemical per-
formances have also been reported by Sim and co-workers[145] 
and Li and co-workers[199] via spray pyrolysis. LiNi0.5Mn1.5O4 
is another type of spinel cathode. With a high operating 
voltage of ≈4.7 V and a practical capacity of ≈140 mA h g−1, 
LiNi0.5Mn1.5O4 is able to deliver an energy density as high as 
658 W h kg−1, which is 20–30% higher than those of conven-
tional LiCoO2, LiFePO4, and LiMn2O4. Choi et al. reported the 
spray-pyrolysis synthesis of LiNi0.5Mn1.5O4 multishelled hollow 
spheres, which deliver a specific capacity of 108 mA h g−1 after 
1000 cycles at 10C (1C = 148 mA h g−1 for LiNi0.5Mn1.5O4).[151]

4.2. Lithium–Sulfur Batteries

Li–S batteries have been considered as one of the most promising 
candidates for next-generation rechargeable batteries.[200–202] 
They have attractive features such as: i) the natural  
abundance and low cost of S, and ii) a high theoretical gravi-
metric and volumetric energy density. Despite their multiple  
merits, Li–S batteries have not reached mass commercializa-
tion even after decades of development. The key challenges 
facing Li–S batteries include: i) the electronic/ionic insulating 
nature of S and its discharge products (Li2S and Li2S2), which 
lead to low active-material utilization and poor rate capability; 
ii) the dissolution and shuttling of polysulfides in a liquid elec-
trolyte, which result in fast capacity fading and low Coulombic 
efficiency; and iii) the large volume expansion of S during lithi-
ation, which renders poor cycling performance.

Many efforts to improve the electrochemical performances 
of Li–S batteries have been focusing on the development of 
S-based cathode materials, especially carbon–sulfur composites. 
Among the various carbon materials, hollow carbon spheres are 
particularly attractive due to the following advantages: i) hollow 

Adv. Mater. 2017, 1602914

www.advancedsciencenews.com www.advmat.de



R
ev

ie
w

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimwileyonlinelibrary.com1602914  (22 of 29)

carbon spheres can host large amounts of S; ii) with an 
optimized loading amount, hollow carbon spheres can provide 
sufficient free space to accommodate the volume variation of S 
during lithiation/delithiation; iii) the shell of the hollow carbon 
spheres can act as a physical barrier to effectively suppress 
the dissolution and shuttling of polysulfides in the electrolyte;  
iv) the pores on the shell of the hollow carbon spheres can 
ensure good accessibility of lithium ions to the loaded S; and  
v) hollow carbon spheres with high electric conductivity can 
wire (i.e., improve the conductivity of) the S, improving its utili-
zation. Considering the physical barrier effect of the shell, mul-
tishelled hollow carbon spheres may outperform their single-
shelled counterparts in S hosting. Lou, Guo, and co-workers 
designed double-shelled hollow carbon spheres using SnO2 
hollow spheres as the template and encapsulated S in such 
complex hollow structures.[39] The resultant carbon–sulfur com-
posite delivers an initial discharge capacity of 1020 mA h g−1 at 
0.1C (1C = 1675 mA h g−1 for S), maintaining at 690 mA h g−1  
after 100 cycles. Wang and co-workers prepared multishell 
hollow carbon vesicles through an aqueous emulsion approach 
and encapsulated a high amount of S (86 wt%) in the multishell 
vesicles.[203] The as-obtained carbon–sulfur composite delivers 
high specific capacities of 1350 and 1003 mA h g−1 at 0.1C and 
1C, respectively. After 200 cycles, specific capacities of 1250 and 
846 mA h g−1 can be retained at 0.1C and 1C, respectively. The 
high specific capacity, good rate capability, and excellent cycla-
bility promise the utilization of multishell hollow carbon struc-
tures in S hosting for Li–S batteries.

Manthiram and co-workers designed a free-standing and 
flexible S-based cathode by encapsulating S in N-doped 
double-shelled hollow carbon spheres followed by graphene 

wrapping.[41] The flexible electrode without any binder delivers 
a high specific capacity (1360 mA h g−1 at 0.2C), excellent 
rate capability (600 mA h g−1 at 2C), and long cycle life. The 
excellent electrochemical performance is attributed to the 
dual-protected strategy. Specifically, i) the double-shelled hollow 
carbon spheres provide high porosity for S loading and volume-
change accommodation, and effective physical confinement 
for S and polysulfide, as well as high conductivity for electron 
transfer; ii) the porous shells of the double-shelled hollow 
carbon spheres facilitate electrolyte permeation and rapid ion 
diffusion; iii) the graphene enables the construction of flexible 
electrodes; and iv) the heteroatoms (N) provide relatively strong 
affinity to polysulfides through chemical binding, suppressing 
polysulfide dissolution, and active material loss.

Although the dissolution of polysulfides in electrolyte can be 
mitigated by applying porous carbon materials as the hosts, the 
interaction (physical adsorption) between the nonpolar carbon 
and polar polysulfides is relatively weak. It can be expected that 
polar host materials showing strong interactions with poly-
sulfide species would outperform nonpolar carbon materials 
in suppressing polysulfide dissolution and achieving long-
term cycling stability. Recently, Lou and co-workers designed 
Co(OH)2@Ni-Co LDH DSNCs as a novel S host for Li–S bat-
teries.[166] Due to the high porosity, the Co(OH)2@Ni-Co LDH 
DSNCs can be loaded with a large amount of S (75 wt%). In 
addition, the Co(OH)2@Ni-Co LDH/S composite delivers a 
high initial discharge capacity of 1014 mA h g−1 at 0.1C with 
excellent cycling stability. The concept of using multishell 
hollow-structured metal hydroxides or oxides in S hosting will 
open a new avenue for the future development of high-perfor-
mance Li–S batteries.
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Figure 17.  a,b) SEM (a) and TEM (b) images of the V2O5–SnO2 double-shelled capsules. c) Cycling performance of the V2O5–SnO2 double-shelled 
capsules in the potential window of 0.01–3.0 V. d) Cycling performance of the V2O5–SnO2 double-shelled capsules in the potential window of 2.0–4.0 V. 
Reproduced with permission.[164] Copyright 2009, American Chemical Society.
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4.3. Supercapacitors

Supercapacitors are a unique class of elec-
trochemical energy-storage device with high 
power density (10 kW kg−1), ultrafast charge/
discharge rate (a few seconds), and long cycle 
life (100 000 cycles). With a moderate energy 
density (5 W h kg−1), supercapacitors can 
bridge the gap between conventional dielec-
tric capacitors and secondary batteries. They 
have played an important role in comple-
menting or replacing secondary batteries in 
energy storage.[204] According to the charge-
storage mechanism, supercapacitors can 
be classified into: i) electrical-double-layer 
capacitors (EDLCs), ii) pseudocapacitors, and  
iii) hybrid capacitors. EDLCs store charge electrostatically 
through reversible ion adsorption at interfaces between a high-
surface-area electrode (usually carbon) and the electrolyte. Pseu-
docapacitors store charge Faradaically using fast and reversible 
surface or near-surface redox reactions. Hybrid capacitors com-
bine a capacitive or pseudocapacitive active material with a bat-
tery active material.

TMOs, such as RuO2, CoOx, NiO, MnOx, and NiCo2O4, are 
typical pseudocapacitive active materials. Yu, Wang, and co-
workers reported the fabrication of uniform single-, double-, 
triple-, and quadruple-shelled Mn2O3 hollow spheres and 
evaluated these hollow structures as electrodes for supercapaci-
tors.[108] Impressively, high specific capacitances of 1651 and 
1422 F g−1 can be achieved for the Mn2O3 TSHSs at current 
densities of 0.5 and 10 A g−1, respectively. After 2000 cycles at 
0.5 A g−1, 92% of the capacitance can be retained. The high 
specific capacitance and excellent rate performance can be 
ascribed to the high specific surface area and porosity, which 
guarantee an abundance of active sites and easy electrolyte 
penetration. Lou and co-workers designed Co3O4@NiCo2O4 
DSNCs with a rhombic dodecahedral shape.[92] The as-obtained 
Co3O4@NiCo2O4 delivers high specific capacitances of 972, 
870 and 615 F g−1 at high current densities of 5, 10 and 
50 A g−1, respectively. At a current density of 10 A g−1, 92.5% 
of the initial capacitance can be maintained after 12 000 cycles, 
demonstrating the excellent cyclability. Superior pseudocapaci-
tive performances have also been demonstrated for Co3O4,[113] 
NiO,[114] and CoNi2O4

[79] multishell hollow spheres, justifying 
the advantages of intricate hollow structures in supercapacitors.

Metal sulfides can be used as battery-type electrodes in 
hybrid capacitors in alkaline solution according to the following 
reversible redox reaction: MS + OH− ↔ MSOH + e− (M = Ni, 
Co, Cu, and Mn).[18] Lou and co-workers developed a general 
template-engaged strategy for the fabrication of NiS, CuS, 
and MnS double-shelled box-in-box hollow structures.[165] The 
resultant NiS box-in-box hollow structures display high specific 
capacitance (668 F g−1 at a current density of 1 A g−1), excellent 
rate capability (71% capacitance retention at 20 A g−1), and good 
cycling stability (93.4% capacitance retention after 3000 cycles 
at 4 A g−1). In addition to binary metal sulfides, the same group 
also prepared ternary metal sulfides (NiCo2S4 and MnCo2S4) 
with complex double-shelled hollow structures.[73] As a typ-
ical battery-like electrode, the NiCo2S4 DSHSs deliver a high 

specific capacitance of 1036 F g−1 at 1 A g−1. A hybrid capacitor 
device was fabricated using the NiCo2S4 DSHSs as the cathode 
and a graphene/mesoporous-carbon sphere composite paper 
as the anode (Figure 18). The hybrid-capacitor device displays 
a high energy density of 42.3 W h kg−1 at a power density of 
476 W kg−1. High cycling stability is also achieved by the hybrid 
capacitor; 78.6% of the initial capacitance can be maintained 
after 10 000 cycles at 5 A g−1.

4.4. Lithium–Air Batteries

The Li–O2 battery is a promising technology for energy storage 
despite being in its infancy of understanding. In theory, such 
a battery is able to deliver an extremely high energy density of 
≈3500 W h kg−1 (based on the mass of Li and O2), although it 
is far from being reached currently.[201] However, several critical 
fundamental challenges still hamper the practical realization 
of Li–O2 batteries. One of the main concerns is related to the 
inherent sluggish kinetics of oxygen-involved electrocatalysis, 
such as oxygen-reduction reaction (ORR) and oxygen-evolution 
reaction (OER).

Intricate hollow-structured electrocatalysts, such as transi-
tion metals, TMOs, and transition-metal sulfides, have been 
demonstrated to be highly active in the ORR or the OER.[92,93,189] 
As an example, the Co–C@Co9S8 DSNCs exhibit an ORR onset 
potential of 0.96 V (vs reversible hydrogen electrode (RHE)) 
with the cathodic peak centered at 0.83 V.[93] Both the onset 
potential and cathodic peak potential of Co–C@Co9S8 DSNCs 
are very close to those of a commercial 20 wt% Pt/C catalyst. 
The high activity can be ascribed to the unique DSNC struc-
ture, in which the inner Co–C shell acts as the active centers to 
efficiently catalyze the ORR, while the outer Co9S8 shell builds 
up a nanoreactor around the Co–C catalyst and prevents it from 
deactivation.

More interestingly, intricate hollow-structured TMOs can 
also act as efficient bifunctional catalysts for Li–O2 batteries. 
The CoMn2O4 tube-in-tube structures prepared by electro-
spinning have been explored as the cathode catalyst in Li–O2 
cells by Chen, Ramakrishna, and co-workers[185] With the help 
of the CoMn2O4 tube-in-tube catalyst, the hysteresis between 
the charge and discharge can be significantly reduced from 
1.82 V to 1.2 V. Under a restricting capacity of 1000 mA h g−1 

Figure 18.  a) Schematic illustration of the NiCo2S4//graphene/carbon sphere paper asym-
metric supercapacitor device. b) Cycling performance of the asymmetric supercapacitor device 
at a current density of 5 A g−1. Reproduced with permission.[73] Copyright 2014, Nature Pub-
lishing Group.
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(based on the mass of carbon), the cell based on the CoMn2O4 
tube-in-tube catalyst can be discharged and charged stably at 
200 mA g−1 for at least 100 cycles. In another case, Kim and 
co-workers fabricated RuO2/Mn2O3 composite tube-in-tube and 
wire-in-tube hollow structures (Figure 19a,b).[205] In the con-
structed composites, Mn2O3 is active for both the ORR (major) 
and the OER (minor), and RuO2 is mainly active for the OER. 
As a result, the RuO2/Mn2O3 composite hollow structures 
exhibit excellent electrocatalytic performances for the ORR and 
the OER in both alkaline media and Li–O2 cells. With a capacity 
restriction of 2000 mA h g−1 (based on the total mass of the 
catalysts and carbon), the Li–O2 cell based on a RuO2/Mn2O3 
cathode displays a voltage gap of 1.48 V (Figure 19c). By lim-
iting the discharge capacity to 1000 mA h g−1, cells based on the 
RuO2/Mn2O3 tube-in-tube and wire-in-tube hollow structures 
can be cycled stably for over 100 cycles (Figure 19d).

4.5. Dye-Sensitized Solar Cells

DSSCs consisting of a dye-sensitized nanocrystalline and 
porous photoanode, a redox-active liquid electrolyte, and a 
counter electrode, are a promising photoelectrochemical 
system for efficient solar-energy conversion.[206] An ideal pho-
toanode for DSSCs should have a large surface area for dye 
absorbing and excellent light-harvesting capability. Hollow 
structures, especially intricate hollow structures, have been 
considered as promising photoanode materials for DSSCs. Cao 
and co-workers reported the design of TiO2-coated multishell 
SnO2 hollow spheres as an advanced photoanode material for 

DSSCs.[207] A cell based on a photoanode 
made from these TiO2-coated multishell 
SnO2 hollow spheres exhibited an overall 
conversion efficiency of ≈5.65%, which is 
34% higher than that of the cell based on a 
TiO2-coated SnO2 nanoparticle photoanode 
(Figure 20). The improvement is tentatively 
attributed to the multiple light reflection and 
scattering in-between different shells. This 
work highlights the advantages of MSHSs in 
light harvesting.

The concept of designing intricate hollow 
structures to enhance the light-harvesting 
capability of semiconductor photoanodes 
has also been adopted by other groups. Lu, 
Wang, and co-workers prepared TiO2 DSHSs 
by a facile hydrothermal method followed 
by calcination in air.[119] As the photoanode 
for DSSCs, the TiO2 DSHSs display an 
overall photoconversion efficiency of 5.65%. 
By employing the TiO2 DSHSs as the light-
scattering layer over the P25 films, an overall 
photoconversion efficiency of 9.10% can be 
achieved. Li, Shi, and co-workers fabricated 
coaxial multishell TiO2 nanotube arrays on 
a transparent conductive oxide substrate.[208] 
The specific Brunauer–Emmett–Teller (BET) 
surface area and the amount of dye adsorbed 
increases with the increase of shell number. 

As a result, the DSSC performance also increases with the 
increase of shell number. A maximum conversion efficiency 
of 6.2% is achieved for the quintuple-shelled TiO2 nanotube 
photoanode. Wang and co-workers fabricated a series of ZnO 
and SnO2 hollow spheres with controlled number of shells 
and intershell spacings.[101,106] It was found that the multishell 

Figure 19.  a,b) TEM images of RuO2/Mn2O3 tube-in-tube (a) and wire-in-tube (b) structures. 
c) First discharge–charge curves of Ketjen black, RuO2/Mn2O3 tube-in-tube structure, and 
RuO2/Mn2O3 wire-in-tube structure with a capacity limit of 2000 mA h g−1 at a current density 
of 100 mA g−1 with a voltage window of 2.35–4.35 V. d) Their cycling performances. Reproduced 
with permission.[205] Copyright 2016, American Chemical Society.

Figure 20.  Current–voltage characteristics of DSSCs based on photo-
electrode films of TiO2-coated multishelled SnO2 hollow spheres, TiO2-
coated SnO2 nanoparticles, P25, multishell SnO2 hollow spheres, and 
SnO2 nanoparticles. The inset illustrates the multiple reflecting and scat-
tering of light in the multishell SnO2 hollow sphere. Reproduced with 
permission.[207]
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hollow spheres provide more surface area for dye absorption 
and enable multiple light reflection and scattering in-between 
the different shells. As a result, the overall energy-conversion 
efficiency increases with the number of shells in both cases. 
DSSCs based on a ZnO QSHS photoanode exhibit an overall 
conversion efficiency of 5.6%, while the cells based on SnO2 
quintuple-shelled hollow spheres exhibit a efficiency of 7.18%. 
When the SnO2 quintuple-shelled hollow spheres are used as 
the scattering layer on top of P25 film, the overall conversion 
efficiency can reach as high as 9.53%. Recently, Jang and co-
workers prepared TiO2 SSHSs, DSHSs, and TSHSs using a 
shell-by-shell deposition process combined with calcination and 
selective etching.[25] Among the three TiO2 samples with dif-
ferent shell numbers, the TSHSs show the highest power con-
version efficiency of 9.4%. Using a similar approach, the same 
group also prepared SiO2/TiO2 DSHSs.[26] Using the SiO2/
TiO2 DSHSs as the light scattering layer, the assembled DSSC 
exhibits a power conversion efficiency of 8.4%.

4.6. Photocatalysis

Photocatalysis has become an emerging technology using solar 
energy for water and air purification and remediation since 
Fujishima and Honda first discovered photocatalytic splitting of 
water on TiO2 in 1972.[209] One of the most prominent advan-
tages of intricate hollow structures in photocatalysis is that 
they allow multiple reflections of the incident light, resulting 
in enhanced light-harvesting efficiency and thus enhanced 
photocatalytic performances.[16] Early in 2007, Li, Lu, and co-
workers found that sphere-in-sphere-structured TiO2 could 
allow multiple reflections of UV light, resulting in significantly 
enhanced photocatalytic activity in phenol degradation.[210] Yao 
and co-workers fabricated multishell TiO2 hollow spheres that 
displayed much higher photocatalytic activity in Rhodamine 
B (RhB) degradation than the TiO2 yolk–shell structures and 
nanoparticles.[22] Zhao et al. reported the fabrication of Fe3O4@
titanate core-in-double-shell spheres by a hydrothermal-etching-
assisted crystallization approach.[211] The resulting Fe3O4@
titanate hollow structures showed excellent photocatalytic 
activity toward RhB degradation, which was superior to that 
of P25 TiO2. Because of the magnetic core, the photocatalyst 
can be easily recovered and recycled, exhibiting almost con-
stant activity after 10 cycles. Apart from the above-mentioned 
studies, intricate hollow-structured ZnO,[122,190,212] Fe2O3,[116] 
WO3,[110] CeO2,[124] Zn–Sn–O,[65] and Cu9S5

[213] have also been 
demonstrated to be effective in the photocatalytic degradation 
of organic dyes and water splitting.

4.7. Fuel Cells

Fuel cells are energy-conversion devices that convert the chem-
ical energy of a fuel, such as hydrogen, methanol, and ethanol, 
into electricity. The electricity is generated through the electro-
chemical catalytic oxidation of a fuel at the anode and reduction 
of oxygen at the cathode.[214] The performance of fuel cells is 
highly dependant on their electrocatalysts. Noble-metal nano-
particles supported on carbon are well-known electrocatalysts 

for fuel cells. Due to the high surface area, high pore volume, 
low density, and reduced mass- and charge-diffusion lengths, 
hollow structures have been considered as promising electro-
catalysts and catalyst supports for fuel cells.[215–220] Wang and 
Yamauchi fabricated bimetallic Pt–Pd nanocages with dendritic 
shells via a selective chemical etching method.[217] Benefiting 
from their sufficient accessible active sites at both the exterior 
and interior surfaces, the resultant Pt–Pd nanocages exhibited 
high catalytic activity toward methanol oxidation. As for the cat-
alyst supports, Yu and co-workers reported the hard-templating 
synthesis of mesoporous-carbon capsules with high specific sur-
face area and pore volume. The obtained mesoporous-carbon 
capsules are able to support ultrafine noble-metal nanoparticles 
uniformly, boosting the performance of fuel cells.[219,220]

5. Conclusion and Perspectives

Here, we have highlighted the most important synthetic meth-
odologies and energy applications of intricate hollow structures. 
Significant advances have been made in the synthesis of intri-
cate hollow structures in the last decade, with a number of new 
synthetic methodologies emerging. These emerging synthetic 
methodologies include selective etching of “soft@hard” parti-
cles, Ostwald ripening, ion exchange, and thermally induced 
matter relocation. For future research in the synthesis of intri-
cate hollow structures, we believe that it should concentrate on 
the following aspects: 

i)	 Both conventional and newly emerging methodologies suf-
fer from one or more of the following deficiencies: trouble-
some synthesis procedure, difficulty in precise control, lack of 
uniformity and universality, unfeasible for mass production, 
high cost, and poorly understood formation mechanism. In 
this regard, the development of facile, versatile, low-cost, and 
scalable approaches for the production of high-quality intri-
cate hollow structures with tunable compositions and precise-
ly controlled structural parameters is of primary importance.

ii)	 To date, most studies of intricate hollow structures have 
focused on native elements, oxides, and sulfides, while 
complex hollow-structured carbides, nitrides, phosphides, 
and selenides have rarely been reported. Given their unique 
physicochemical properties, the fabrication of complex hol-
low-structured carbides, nitrides, phosphides, and selenides 
is of great significance.

iii)	A number of intricate hollow structures are prepared by ac-
cidental windfalls or relying on the experiences of research-
ers. The rational design of intricate hollow structures for 
specific applications remains a great challenge and should be 
strengthened in the future.

iv)	The formation mechanism of some intricate hollow struc-
tures remains elusive. It would be very helpful to deepen the 
comprehension and understanding of the formation mecha-
nism, which would spur novel and powerful methodologies 
for intricate hollow structure construction.

The breakthroughs in synthetic methodologies for intri-
cate hollow structures have provided opportunities to tune 
their physicochemical properties and have thus catalyzed their 
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exploration in various applications. Although intricate hollow 
structures have been extensively studied in LIBs, their applica-
tion in sodium-ion batteries (SIBs) has attracted little attention. 
Considering the large ionic radius of Na+ and large free space 
required for Na+ accommodation, we expect to see a surge in 
the application of such unique structures in SIBs in the near 
future. The major issue of employing hollow structures in LIBs 
and supercapacitors is their low density, which will compromise 
the volumetric energy density of the devices. In this case, opti-
mizing the void-to-solid ratio of the intricate hollow structures 
is required to maximize the volumetric energy density without 
sacrificing the cyclability. For Li–S battery applications, intricate 
hollow structures with both high conductivity and high affinity 
to polysulfides are preferred. Multicomponent intricate hollow 
structures with high activity toward both the ORR and the OER 
would play a significant role in Li–O2 batteries. More efforts 
dedicated to the structural manipulation, such as shell-number 
control and intershell-spacing adjustment, would further boost 
the performance of intricate hollow-structured semiconductors 
in DSSCs and photocatalysis.

Lastly, it should be emphasized that the synthesis and energy 
applications of intricate hollow structures is still in its infancy. 
There is still a long way to go for the commercial-scale pro-
duction and practical application of such intriguing materials. 
Although we have summarized some recent work on the syn-
thesis and energy applications of intricate hollow structures, we 
would rather regard this review as an opening remark than a 
concluding remark. We are confident that other versatile and 
powerful synthetic methodologies for intricate hollow struc-
tures will be developed in the near future. We also believe that 
intricate hollow structures will break some of the current bot-
tlenecks in the fields of energy storage and conversion.
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